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Hon. Commissioner for Patents 
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Alexandria, Virginia 22313-1450 

DECLARATION OF JEFFREY BROWNING, Ph.D. 
UNDER 37 C.F.R. § 1.132 



I, Jeffrey Browning, Ph.D., hereby declare and 
state as follows: 



1. I am one of the named co-inventors of the 



above-identified patent application. I currently hold the 



position of Distinguished Investigator at Biogen, Inc., now 
Biogen Idee MA Inc. ("Biogen"), the assignee of the above- 
identified patent application. I have been employed at 
Biogen, in Cambridge, Massachusetts, since 1984. During 
that time, I have served as Project Leader for the following 
projects: New TNF Members, BAFF and TWEAK; Development of 
Agonist LTpR mAb for Solid Tumors; Surface Lymphotoxin : 
Structure and Function and Studies on the Role of Exo-PLA2 
in disease. I have also conducted investigations and 
evaluations of the anti- inflammatory properties of 
interferons and annexin-1, and have studied novel . cytokines 
and the active domains of interleukin-2 . From 1982 to 1984, 
I held the position of Senior Scientist at Angenics, Inc. in 
Cambridge, Massachusetts. My research there involved the 
development of anti-(3-lactam monoclonal antibodies. From 
1981 to 1982, I was a Postdoctoral Fellow in the laboratory 
of Dr. Louis Reichardt, Departments of Physiology and 
Biochemistry, University of California at San Francisco, 
working on applications of hybridoma technology to the study 
of intermediate filaments at neuromuscular junctions. From 
1976 to 1981, I was a Postdoctoral Fellow in the laboratory 
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of Dr. Joachin Seeling, Department of Biophysical Chemistry, 
University of Basel, Switzerland. There, my work related to 
studies on phospholipids in membranes using solid state 
nuclear magnetic resonance methods. 

2. I received a Ph.D. degree in Biochemistry 
from the University of Wisconsin in 1976. I received a B.S. 
degree cum laude in Biochemistry from Michigan State 
University in 1972. As illustrated by the bibliography in 
my curriculum vitae, which is attached as Exhibit A, I have 
been an active researcher in the fields of Biochemistry, 
Molecular Biology and Immunology. Further details of my 
education and research career are set forth in Exhibit A. 

3. I have read and considered the above- 
identified application, as well as the July 22, 2003 Office 
Action ("the Office Action") in the application. I am 
informed and believe that the application claims an 
effective filing date of August 7, 1996. 

4. I have read and considered claims 1-4, 6-8, 
10, 28, 30, 31, and 39-47 of the above- identified 
application, which I am informed and believe were pending at 
the time of the Office Action. I understand that those 
claims stand rejected under 35 U.S.C. § 112, first 
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paragraph. Specifically, I understand that, in the 
Examiner's view, the claims are not supported by a 
description in the specification that enables a person of 
skill in the art to make and/or use the claimed invention 
without carrying out undue experimentation. 

5. I make this declaration to demonstrate that a 
person of skill in the art, following the teachings of the 
above- identified application, would appreciate the 
biological function of Tumor Necrosis Factor Related Ligand 
("TRELL" )- Given that appreciation, a person of skill in 
the art would recognize the utility of and be able to use 
nucleic acids encoding TRELL polypeptides, as well as the 
TRELL polypeptides themselves, in the development of 
therapeutics, diagnostics or drug targets, as described in 
the application. 

6. For the purpose of this declaration, "a 
person of skill in the art" as of August 7, 1996 would have 
a Ph.D. degree at the time and several years of relevant 
clinical and/or research experience involving Immunology. 

7. In my opinion, a person of skill in the art 
would appreciate the biological function of nucleic acids 
encoding TRELL polypeptides and the TRELL polypeptides 



themselves, as described in the above-identified 
application. In light of such appreciation, that person 
would be enabled to use those nucleic acids and the 
polypeptides they encode, in the development of 
therapeutics, diagnostics or drug targets, without resort to 
undue experimentation. My opinion is based on information 
and data presented in the application, as well as the 
confirmatory studies discussed below. 

8. The above-identified application described 
TRELL (a then-new member of the tumor necrosis factor family 
of cytokines) , the amino acid sequences of human and murine 
TRELL polypeptides, as well as the DNA sequences encoding 
those polypeptides. The application teaches that human 
TRELL is expressed in many tissues and organs of the immune 
system, such as the spleen, peripheral blood lymphocytes, 
lymph nodes, appendix, thymus, fetal liver and bone marrow 
(see, e.g., page 31, lines 4-11 and Figure 4). In addition, 
the application teaches that human TRELL is also expressed 
in organs of the secondary immune system, such as the ovary, 
prostate, small intestine, colon, heart, brain, placenta, 
lung, liver, skeletal muscle, kidney and pancreas (see, 
e.g., page 31, lines 12-14 and Figure 4). Such expression 
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indicates an immunological function for TRELL (see, e.g., 
page 11, lines 33-34; page 13, lines 13-14 and 19-22 of the 
application) . Based on such teaching, a person of skill in 
the art would appreciate a likely role of TRELL in the 
immune system, as well" as immune -related disorders, such as 
cancer . 

9. As discussed in the "Background of the 
Invention" section of the above- identified application, TNF 
family members function by binding to a receptor. A person 
of skill in the art would appreciate that, as is true for 
other TNF family members, a function of TRELL would involve 
its interaction of TRELL with a receptor. As taught at page 
15, lines 16-19 of the above- identified application, TRELL 
polypeptides specifically interact with a receptor. 

10. Pages 35-37 of the above- identified 
application teach that soluble human TRELL polypeptide can 
bind to a number of tumor cell lines, including K562 
promyelocytic cells, THP-1 monocytic leukemic cells, 293 
embryonic kidney cells, Cos kidney fibroblast cells and HT29 
colon adenocarcinoma cells (see Table II on page 37 of the 
application) . A person of skill in the art would appreciate 
that observed binding to denote: (1) the presence of TRELL 
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receptors on those tumor cells and (2) a potential role of 
TRELL in cancer pathology. That person would also 
appreciate that cancer therapy could be based on an 
agonistic or blocking interaction between TRELL and its 
receptor on tumor cells. 

11. Further elucidating the role of TRELL in 
immune-related disorders, such as cancer, the application 
also describes the ability of human TRELL polypeptide to 
induce cytotoxicity in HT2 9 human adenocarcinoma cells (see 
page 8, lines 3-6; page 36, lines 1-10 and Table II of the 
application) . A person of skill in the art would recognize, 
based on the binding properties of TRELL, coupled with its 
cytotoxic activity on tumor cells, that TRELL may be useful 
as an agonist in cancer therapy to promote tumor killing. 

12. In the Office Action, the Examiner discounts 
the HT29-14 cytotoxicity assay, on the basis that the 
structure of the TRELL polypeptide used in the assay was not 
disclosed. That is not the case. The HT29-14 cytotoxicity 
assay is detailed at page 36, line 1 to page 37, line 28 of 
the above -identified application. As stated on page 36, 
lines 1-4, the HT29-14 cytotoxicity assay was carried out 
using human TRELL. In my view, it is apparent from the 
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application that the soluble human TRELL polypeptide 
produced in the Example on page 34, line 24 to page 35, line 
9, was the TRELL polypeptide used in the HT2 9-14 
cytotoxicity assay, as that Example immediately precedes the 
Example relating to the assay. 

13. Citing Dermer, Biotechnology , 12: 320 (1994), 
the Examiner also discounts the relevance of the HT29-14 
cell line to disease, based on the view that in vitro cell 
lines are a poor representation of malignancy, with 
characteristics profoundly different from human disease. In 
my opinion, that view would not be shared by a person of 
skill in the art. 

14. For several reasons, a person of skill in the 
art would recognize the utility of the HT29-14 cell line for 
assessing a potential anti-tumor agent. The HT29-14 cell 
line represents a subclone (number 14) of conventional HT29 
cells, that is routinely used to avoid culture drift. The 
properties of that cell line are identical to those observed 
in the parental HT29 tumor cell line maintained at the 
American Type Tissue Culture.. The HT2 9 cell line resembles 
an early epithelial progenitor cell capable of 
differentiating into a number of specialized epithelial cell 
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types (Neutra et al. 1 ). As such, it is similar to many 
primary human colorectal tumors. Based on additional work 
carried out at Biogen using gene chip analyses, gene 
profiling has shown that the HT29 cell line may resemble as 
much as 30% of the spectrum of primary colorectal tumors. 
In fact, during the period from 1976-1986, the Natipnal 
Cancer Institute adopted HT29 cells (called "CX-l") as its 
primary tumor screen for assessing efficacy of potential 
therapeutics for colon cancer (Plowman et al. 2 ). 
Furthermore, development of other therapies has also relied 
substantially on the HT29 cell line, e.g., the original work 
on the TNF family member lymphotoxin-oc/p , which led to the 
development of an agonist anti-LT-jS-R monoclonal antibody to 
mimic ligand binding (Browning et al. 3 ). Thus, a person of 
skill in the art would appreciate the cell death inducing 
activity of human TRELL polypeptide on the HT29-14 tumor 

1 Functional Epithelial Cells in Culture LIss: 363-398 
(1989), a copy of which is provided at Exhibit B hereto. 

2 In Anticancer Drug Development Guide: Preclinical 
screening, clinical trials and approval . B. Teicher, ed. 
Humana Press Inc., Totown, 101-125 (1997), a copy of which 
is provided at Exhibit C hereto. 

3 J. Exp. Med. 183:867-878 (1996), a copy of which is 
provided at Exhibit D hereto. 
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cell line, as demonstrated in the above-identified 
application, to be indicative of the biological function of 
TRELL in cancer pathology. 

15. On information and belief, I understand that 
additional work carried out at Biogen demonstrates the 
ability of soluble human TRELL polypeptide to induce 
cytotoxic activity in a number of tumor cell lines, other 
than in the HT29-14 cell line, either in the presence or 
absence of IFN-y. Those additional cell lines include: WiDr 
colon adenocarcinoma cells, Geo colon carcinoma cells, MDA- 
MB-231 breast carcinoma cells, MX-1 breast carcinoma cells 
and the NCI -ADR breast carcinoma cells (data not shown) . 
These additional cell lines have been routinely used in 
tumor screening panels. The colonic adenocarcinoma cell 
lines, HT29 and WiDr, were established originally from the 
same human patient, yet these tumor cell lines behave very 
differently in terms of .their responsiveness to 
chemotherapy. The Geo colon tumor cell line has been 
included routinely in the National Cancer Institute's in 
vitro tumor screening panel for testing the efficacy of 
anti-cancer therapeutics for colon cancer. Similarly, the 
MX-1 breast carcinoma cell line has been used by the 
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National Cancer Institute in both its in vivo and later, in 
vitro tumor screens for assessing the efficacy of potential 
therapeutics for breast cancer. The MDA-MB-231 breast 
carcinoma cell line has also been included as part of the in 
vitro screening panel for therapeutics designed for the 
treatment of breast cancer. Based on the teachings in the 
above-identified application and the additional confirmatory 
studies discussed above, a person of skill in the art would 
appreciate that in vitro cell lines of different tissue 
origins are of use for assessing potential anti-tumor 
agents, such as TRELL. 

16. In my opinion, for all of the reasons 
detailed above, it is simply not the case that in vitro cell 
lines, such as HT29-14, have little relevance to the in vivo 
disease state. Indeed, several ant i- tumor therapeutics have 
been identified and evaluated based on activity in in vitro 

cell cultures. One such example is the highly successful 

® 

anti-cancer drug Herceptin , a humanized antibody approved 
for the treatment of HER2 positive metastatic breast cancer, 
which was developed following demonstration of strong 
efficacy in vitro against a limited number of tumor cell 



11 



lines (Shepard et al. 4 ). Specifically, Shepard et al. 
discusses clinical application of anti-HER2 monoclonal 
antibodies for the treatment of breast cancer based on 
moderate to strong anti-prolif erative activity against two 
in vitro tumor breast cell lines overexpressing the HER2 
protoncogene (pl8 5 HER2 ) . 

17. The biological activity of TRELL polypeptides 
taught in the above- identified application, and confirmed by 
the additional in vitro assays discussed above, is further 
confirmed by additional studies carried out at Biogen. On 
information and belief, I understand those studies to 
confirm the ability of antibodies directed to TRELL 
polypeptides to detect the expression of TRELL polypeptides 
in various diseases and conditions, as taught at page 16, 
line 17 to page 18, line 15 of the application. 

18. Following the teachings of the application, 
additional studies at Biogen have led to a sensitive ELISA 
using ant i -TRELL monoclonal antibodies to detect the level 
of TRELL polypeptide in the sera of patients suffering from 
diseases, such as lupus. The ELISA assay was based on a 

4 J. Clin. Immunol. 11:117-127 (1991), a copy of which is 
provided at Exhibit E hereto. 
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hamster anti-human TRELL monoclonal antibody ("the BEB3 
antibody") coupled with a biotinylated mouse anti-TRELL 
antibody ("the P5G9 antibody"). As illustrated in Figure 1 
(Exhibit F hereto) , the anti-TRELL antibodies detected 
significantly higher systemic levels of TRELL polypeptide in 
the sera of lupus patients (n=183) , as compared with sera of 
control patients (n=42), p<2.85E-06. This sensitive ELISA 
provides not only a diagnostic tool for numerous diseases 
and conditions associated with TRELL but confirms the above- 
identified application's teaching of the role of TRELL in 
diseases related to the immune system. The ELISA is also 
useful in assays to detect TRELL polypeptide levels, for 
screening drug candidates which are either agonists or 
antagonists of the normal cellular function of TRELL or its 
receptor . 

19. On information and belief, I understand that 
additional studies carried out at Biogen confirm a 
biological role of TRELL in the development of a number of 
other diseases in vivo, based on the ability of anti-TRELL 
antibodies to alleviate disease severity in conventional in 
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vivo models for arthritis (Bendele et al. 5 ) and stroke 
(Martin-Vellalba et al. 6 ) (data not shown). 

20. The art has also confirmed that TRELL induces 
a range of proinflammatory mediators that may have anti- 
tumor activity. In general, induction of a pro- inflammatory 
program within a tumor environment can be beneficial, as it 
draws leukocytes into the tumor and provokes an 
immunological response. Generally, leukocytes, especially 
monocytes, do not penetrate effectively into the tumor 
environment. As is true for other TNF family receptors, 
activation of the TRELL receptor can trigger pro- 
inflammatory-like responses in various cells. In the case 
of TRELL, IL-8 release has been demonstrated (Chicheport iche 
et al. 7 ), along with release of IP-10 and Mig, two 
chemokines that bind to the CXCR3 receptor (based on 
additional work carried out at Biogen) . While the actual 
effects of releasing a spectrum of pro- inflammatory 

5 Arthritis Rheum. 43:2648-2659 (2000), a copy of which 
is provided at Exhibit G hereto. 

6 Cell Death Differ. 8:679-686 (2001), a copy of which is 
provided at Exhibit H hereto. 

7 J. Biol. Chem. 272:32401-32410 (1997), a copy of which 
is provided at Exhibit I. 
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chemokines is difficult to predict, a person of skill in the 
art would appreciate that expression of some of these 
chemokines can lead to anti-tumor activity (Dias et al. 8 ). 
For example, the CXCR3 binding chemokines have been reported 
to be both anti -tumor growth and ant i -angiogenic (Tannenbaum 
et al. 9 ) . For these reasons, TRELL therapy may have 
clinical benefit by involving the immune system in addition 
to directing an anti-tumor effect. 

21. The above-identified application describes on 
page 15, lines 16-19, that TRELL polypeptides specifically 
interact with an unidentified receptor. The application 
further teaches use of the disclosed peptides and methods to 
identify that receptor (page 31, line 17-page 32, line 12 of 
the application) . A person of skill in the art, having 
TRELL polypeptide in hand, would be able to identify the 
receptor for TRELL polypeptide, as methods for identifying 
receptors for identified ligands were conventional at the 
time. For example, using soluble recombinant TRELL, Wiley 

8 Cancer Invest . 19:732-738(2001), a copy of which is 
provided at Exhibit J hereto. 

9 J. Immunol. 161:927-932 (1998), a copy of which is 
provided at Exhibit K hereto. 
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et al. 10 identified the fibroblast growth f actor-inducible 
14 (Fnl4) as a TRELL receptor which was responsible for 
TWEAK- induced proliferation of endothelial cells and 
angiogenesis . 

22. In my opinion, the above -identified 
application, read in light of the state of the art at the 
time, teaches a person of skill in the art the biological 
function of TRELL. In view of such teaching, the 
application provides a nexus between TRELL and its 
biological function in the development and progression of a 
number of immune-associated diseases and enables a person of 
skill in the art to use nucleic acids encoding TRELL 
polypeptides, and the TRELL polypeptides which they encode, 
in therapies and diagnostics directed to such diseases. 
Further, the application enables such uses without resort to 
undue experimentation . 

23. I declare further that all statements made 
herein of my own knowledge are true and that all statements 
made herein on information and belief are believed to be 
true; and further, that these statements were made with the 

10 Immunity 15:837-846 (2001), a copy of which is provided 
at Exhibit L hereto. 
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knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under 
Section 1001, Title 18, United States Code, and that such 
willful false statements may jeopardize the validity of this 
application and any patent issuing thereon. 




Signed at Cambridge, Massachusetts, 
this <so day of fg3r- , 2004 
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EXHIBIT A 



CURRICULUM VITAE 



JEFFREY L. BROWNING 



Biogen Home 

12 Cambridge Center 32 Milton Rd. 

Cambridge, Massachusetts 02142 Brookline, MA 02146 

(617) 679-3312 FAX: (617) 679-2304 

e-mail jeff_browning@biogen.com 

Birthplace: Pontiac, Michigan 

Birthdate: December 1, 1951 



EDUCATION 

1 976 University of Wisconsin, Madison, Wisconsin. 

Ph.D., Department of Biochemistry 

1972 Michigan State University, East Lansing, Michigan. 

B.S. (cum laude), Biochemistry. 

RESEARCH EXPERIENCE - OVERVIEW 



March 1984-Present Currently: Distinguished Investigator, Biogen Research 

-New TNF Family Members, BAFF and TWEAK (Project Leader) 
-Development of agonist LTBR mAb for Solid tumors (Project Leader) 
-Surface Lymphotoxin: Structure and function (Project Leader) 

- Studies on the role of exo-PLA2 in disease (Project Leader) 
-Investigation of the anti- inflammatory properties of interferons. 
-Exploration of the anti-inflammatory properties of annexin-I 
-Evaluation of novel cytotoxins. 

-Investigation of the active domains of Interleuken-2. 

September, 1982 Angenics, Inc. Cambridge, Massachusetts, 

to March, 1984 Senior Scientist. 

- Development of anti-fi-lactam monoclonals 



1981 - 1982 University of California, San Francisco, California. 

Departments of Physiology and Biochemistry. 
Post-doctoral work with Dr. Louis Reichardt. 
- Application ofhybridoma technology to the study of 
intermediate filaments at neuromuscular junctions 



1976- 1981 



University of Basel, Basel, Switzerland. Biocenter, 
Department of Biophysical Chemistry. 
Post-doctoral work with Dr. Joachin Seelig. 
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- Studies on phospholipids in membranes using solid state nuclear 
magnetic resonance methods 



1973 - 1976 



University of Wisconsin, Madison, Wisconsin. 

Department of Biochemistry. 

Graduate studies with Dr. David Nelson. 

- Biochemical approaches to ion gating in nerve-like systems. 



FELLOWSHIPS 



1981 
1978 
1978 
1977 
1976 
1976 
1975 



1978 
1976 



1982 



Muscular Dystrophy Post-Doctoral Fellowship. 

NIH Post-Doctoral Fellowship (did not accept) 

Muscular Dystrophy Post-Doctoral Fellowship (did not accept) 

American-Swiss Foundation for Scientific Exchange Fellow. 

NATO Post-Doctoral Fellowship (did not accept) 

Cystic Fibrosis Post-Doctoral Fellowship. 

Proctor & Gamble Pre-Doctoral Fellowship. 



PUBLICATIONS 

1) . Browning, J. and Nelson, D. (1976) "Biochemical Studies on the Excitable Membrane of Paramecium I. 
Ca 4 ^ Fluxes Across the Resting and Excited Membrane", Biochim. Biophys. Acta , 448:338-351. 

2) . Browning, J. and Nelson, D. (1976) "Membrane Excitability in Paramecium Evidence for a Role for the 
Bilayer Couple", Proc. Natl. Acad. Sci. USA. 73:452-456. 

3) . Browning, J., Nelson, D. and Hansma, H. (1976) "Ca^ Influx Across the Excitable Membrane of 
Behavioural Mutants of Paramecium", Nature , 259:491-494. 

4) . Seelig, J. and Browning, J, (1978) "General Features of Phospholipid Conformation in Membranes", FEBS 
Letters, 92:41-44. 

5) . Browning, J. and Nelson, D. (1979) "Fluorescent Probes for Asymmetric Lipid Bilayers; Synthesis and 
Properties in Phosphatidylcholine Liposomes and Erythrocyte Membranes", J. Membrane Biology , 49:75-103. 

6) . Browning, J. and Seelig, J. (1979) "Synthesis of Specifically Deuterated Saturated and Unsaturated 
Phosphatidylserine", Chem. Phys. Lipids , 24:103-118. 

7) . Browning, J. and Seelig, J. (1980) "Bilayers of Phosphatidylserine: A Deuterium and Phosphorus Magnetic 
Resonance Study", Biochemistry , 19:1262-1270. 

8) . Browning, J. (1981) "The Motions and Interactions of Phospholipid Headgroups I. Simple Alkyl 
Headgroups", Biochemistry , 20:7123-7133. 

9) . Browning, J. (1981) "The Motions and Interactions of Phospholipid Headgroups II. Headgroups with 
Hydroxy Groups", Biochemistry, 20:7133-7143. 

10) . Browning, J. (1981) "The Motions and Interactions of Phospholipid Headgroups III. Dynamic Properties 
of Amine Containing Headgroups", Biochemistry , 20:7144-7151. 



3 



1 1) . Browning, J. and Akutsu, H. (1981) "Local Anesthetics and Divalent Cations Have the Same Effect on 
the Phosphocholine and Phosphoethanolamine Headgroups" Biochim.Biophvs. Acta , 648:172-178. 

12) . Pepinsky, R.B., Sinclair, L., Browning, J., Mattaliano, R., Smart, J., Chow, P.-C, Falbel, T., Ribolini, A., 
Garwin, J., and Wallner, B. (1986) "Purification and Partial Sequence Analysis of a 37-kDa Protein That 
inhibits Phospholipase A2 Activity from Rat peritoneal Exudates", J. Biol. Chem. 261: 4239-4246. 

13) . Browning, J., Mattaliano, R., Chow, P.-C, Liang, S.-M., Allet, B., Rosa, J., and Smart, J. (1986) 
"Disulfide Scrambling of Interleukin-2: HPLC Resolution of the Three Possible Isomers", Anal. Biochem. , 
155:123-128. 

14) . Huang, K.-S., Wallner, B., Mattaliano, R., Tizard, R., Burne, C, Frey, A., Hession, C, McGray, 

P., Sinclair, L., Chow, P.-C, Browning, J., Ramachandran, K.,Tang, J., Smart, J., and Pepinsky, R. B. (1986) 
"Isolation, Characterization and Primary Structure of Two Human 35-kD Phospholipase A 2 Inhibitory Proteins 
and Their Relationships to Substrates of pp60 v * src and of the Epidermal Growth Factor Receptor/ Kinase", Cell , 
46:191-199. 

15) . Wallner, B.P., Mattaliano, R.J., Hession, C, Cate, R.L., Tizard, R., Sinclair, L.K., Foeller, C, Chow, E.P., 
Browning, J.L., Ramachandran, K.L., Pepinsky, R.B. (1986) "Cloning and Expression of Human Lipocortin, a 
Phospholipase A 2 Inhibitor with Potential Anti-inflammatory Activity", Nature , 320:77-8 1 . 

16) . Cirino, G., Flower, R., Browning, J., Sinclair, L., Pepinsky, R. (1987) "Recombinant Human Lipocortin 1 
Inhibits Thromboxane Release from Guinea-pig Isolated Perfused Lung", Nature , 328:270-272. 

17) . Browning, J. (1987) "Interferons and Rheumatoid Arthritis: Insight into Interferon Biology?", 
Immunology Today , 8:372-374. 

18) . Browning, J., and Ribolini, A. (1987) "Interferon Blocks Interleukin- 1 Induction of Prostaglandin E 2 from 
Human Peripheral Monocytes", J. Immunol. , 138: 2857-2863 . 

19) . Pepinsky, R., Tizard, R., Mattaliano, R. Sinclair, L., Miller, G., Browning, J., Pinchang Chow, E., Burne, 
C, Huang, K-S., Pratt, D., Wachter, L., Hession, C, Frey, A., Wallner, B. (1988) "Five Distinct Calcium and 
Phospholipid Binding Proteins Share Homology with Lipocortin I", J. Biol. Chem. , 263: 10799-1081 1. 

20) . Browning, J. and Ribolini, A. (1989) "Studies on the Differing Effects of Tumor Necrosis Factor and 
Lymohotoxin on the Growth of Several Human Tumor Lines" J. Immunol. 143: 1 859-1 867. 

21) . Cirino, G., Peers, S., Flower, R., Browning, J. and Pepinsky, B. (1989) "Human Recombinant Lipocortin- 
1 has Acute Local Antiinflammatory Properties in the Rat Paw Edema Test" Proc. Natl. Acad. Sci. 86:3428- 
3432. 

22) . Violette, S., King, I., Browning, J., Pepinsky, B., Wallner, B. and Sartorelli, A. (1990) "Role of 
Lipocortin- 1 in the Glucocorticoid Induction of the Terminal Differentiation of a Human Squamous 
Carcincoma" J. Cell. Physiol. 142:70-77. 

23) . Pepinsky, B., Sinclair, L. Dougas, L, Liang, C-M., Lawton, P. and Browning, J. (1990) "Monoclonal 
Antibodies to Lipocortin- 1 as Probes for Biological Function" FEBS Letters 261 :247-252. 

24) . Goulding, N., Podgorski, M., Hall, N., FLower, R., Browning, J., Pepinsky, B., and Maddison, P. (1990) 
"Autoantibodies to Recombinant Lipocortin- 1 in Rheumatoid Arthritis and Systemic Lupus Erythematosus" 
Ann. Rheum. Pis. 48:843-850. 



25). Bomalaski, J., P. Lawton and J. Browning. (1991). "Recombinant Human Extracellular Phospholipase A2 
induces an inflammatory response in rabbit joints" J. Immunol. 146: 3904-3910. 
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26) . Browning, J. L., Androlewicz, M. J. and C. F. Ware. (1991). "Lymphotoxin and an associated 33 kDa 
glycoprotein are expressed on the surface of an activated human T cell hybridoma" J. Immunol. 147: 1230- 
1237. 

27) . Scott, D.L., White, S.P., Browning, J.L., Rosa, JJ, Gelb, M.H. and Sigler, P.B. (1991) "Structures of 
free and inhibited human secretory phospholipase A2 from inflammatory exudate" Science 254: 1007-1010. 

28) . Androlewicz, Ml, Browning, J.L. and Ware, C.F. (1992) "Lymphotoxin is expressed as a heteromeric 
complex with a distinct 33 kDa glycoprotein on the surface of an activated human T cell hybridoma" J. Biol. 
Chem. 267: 2542-2547 . 

29) . Ware, C.F., Crowe, P. D., Grayson, M.H., Androlewicz, M.J. and Browning, J.L. (1992) "Expression of 
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I. INTESTINAL EPITHELIUM: A MODEL SYSTEM FOR STUDY 
OF CELL DIFFERENTIATION AND POLARIZED CELL 
FUNCTIONS 

The intestinal epithelium is a valuable tissue for study of cell differentiation 
in that it is spatially organized around its proliferative units, the crypts. Each 
crypt consists of a clone of cells [Ponder et al. 1985] produced by a group of 
undifferentiated, proliferative cells whose progeny express at least four drama- 
tically different phenotypes [Leblond and Cheng, 1976J. The determinants of 
phenotype commitment and expression in this tissue are unknown. The temporal 
sequence of differentiative changes occurring in each cell type can be readily 
defined, however, since the orderly upward migration of cells from crypt to 
villus arranges the cells along this axis in order of age [Madara and Trier, 
1987]. A major unfulfilled goal of intestinal culture systems is the controlled 
recreation of the crypt-villus axis of epithelial differentiation in the absence 
of the complex connective tissue lamina propria. 

Like all simple epithelia, the intestine provides a valuable model for study 
of cell polarity. Fully differentiated intestinal cells are more strictly polarized 
than many other epithelial ceil types, perhaps because they are designed to 
face the threats of the intestinal lumen, a situation in which mis-sorting of 
membrane components could compromise the epithelial barrier. Also unique 
to this epithelium is the dramatic conversion that occur* during fetal development 
from a nonpolarized, stratified cell layer to a simple columnar epithelium [Trier 
and Moxey, 1979; Colony and Neutra, 1983]. This process provides the 
opportunity to follow normal, in vivo assembly of tight junctions and de novo 
formation of apical membrane domains [Madara et al. , 198 1]. 

The specialized apical domain of intestinal absorptive cells provides a valuable 
system for study of the synthesis and processing of membrane glycoproteins. 
The microvillus membrane is rich in imramembrane transporters, membrane- 
anchored hydrolases, and other glycoproteins, many with characteristic patterns 
of intracellular and cell surface processing [Hauri, 1983; Semenza, 1986]. 
Indeed, expression of specific microvillar hydrolases is currently the most reli- 
able indicator of intestinal cell differentiation in vitro. Errors in processing 
and transport have been identified and associated with clinical malabsorption 
in humans, and differentiated cell culture systems have recently been used for 
accurate analysis of these molecular processes [Hauri et al. , 1985]. 

The apical brush border of intestinal absorptive cells, designed to expand 
the membrane surface area available for hydrolysis and transport, provides a 
unique model for study of cytoskeleton assembly and cytoskeleton- membrane 
interactions. The molecular architecture of this structure has been defined in 
considerable detail using normal intestinal cells [Mooseker, 1985] but syn- 
chronously differentiating in vitro systems provide an opportunity to define 
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the factors that control assembly and maintenance of this unique polarized 
structure. 

The intestinal epithelium conducts both absorption and secretion of ions 
and water. Because it is an extensive and accessible epithelial surface, its ion 
transport and permeability characteristics have been defined in considerable 
detail [Pbwell, 1987]. Extracellular and intracellular mechanisms that control 
ion movements across this monolayer are complex, however, and vary with 
both cell type and stage of differentiation [Marcial and Madara, 1984]. Such 
variations have been partially defined using intact mucosal tissue, but the avail- 
ability of well defined monolayer cultures opens the way for rapid advances in 
understanding transport phenomena. 

Intestinal absorptive cells also provide unique models for study of endocy- 
tosis and transepithelial transport. In suckling rodents, sorting of IgG -receptor 
complexes from soluble proteins, and selective transepithelial transport, occurs 
in jejunal absorptive cells [Rodewald and Abrahamson, 1982]. Ileal cells in 
sucklings contain a highly polarized system of endosomal compartments that 
have been isolated and found to contain a membrane antigen that serves as a 
useful marker for ileal cell endosomal tubules [Wilson et al., 1987a], In adults, 
intestinal absorptive cells conduct receptor-mediated transport of polymeric 
immunoglobulins from basolateral to apical surfaces and express for this pur- 
pose a membrane receptor with a unique itinerary (Golgi— > basolateral— 
>apical) that is cleaved and released into the lumen along with its Iigand 
[Mostov et al., 1980; Mostov and Biobel 1983]. In addition, unique epithelial 
"M" cells in lymphoid follicle-associated epithelium arc models for study of 
transepithelial transport in that they are highly endocytic but seem to lack a 
lysosome-directed pathway, instead directing all endocytic vesicles to a spe- 
cialized basolateral surface [Neutraet al., 1987]. 

Finally, the mucin-secreting goblet cells of the intestinal epithelium are valu- 
able models in which to study the process of regulated secretion. Their large, 
clearly polarized Golgi complex has facilitated localization of enzymes involved 
in O-linked glycosylate [Roth, 1987]. The relatively slow, highly polarized 
movement of mucin secretory granules in goblet cells and the dramatic struc- 
tural events that accompany stimulated secretion make them a potentially valu- 
able model for study of polarized secretory cell function [Neutra and Forstner, 
1987]. They have not been fully exploited for this purpose, however, because 
normal goblet cells are a minority in the complex and heterogeneous intesti- 
nal mucosa and have not been available for study in isolation. 

The goal in establishing intestinal cell culture systems is to obtain cells and 
tissues that mimic as closely as possible their counterparts in vivo. Ideally, 
epithelial cell cultures should allow the process of normal cell differentiation 
and function or neoplastic transformation to be recapitulated, manipulated, 
and observed under controlled conditions. This has proved particularly diffi- 
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cult to achieve for the intestinal epithelium, where the normal in vivo state is 
a complex, dynamic one, with continuous cell proliferation and cell loss, in 
which individual cells survive only for a few days. It is thus useful to review 
the salient features of intestinal differentiation in vivo as a reference point for 
assessing available in vitro systems. 

II. INTESTINAL EPITHELIAL CELL DIFFERENTIATION IN VIVO 

A. Adult: The Crypt- Villus Axis 

The intestinal epithelium is a vast sheet of cells composed of millions of 
tiny differentiating units. Stem cells located near the bottom of each crypt 
give rise to proliferative cells whose progeny differentiate along one of several 
paths and migrate slowly up the crypt wall, with the exception of Paneth cells 
that remain at the crypt base [Leblond and Cheng, 1976J. The three major 
migratory cell types, columnar cells (enterocytes), goblet cells, and entcro- 
endocrine cells, acquire differentiated features and perform important physio- 
logic functions while still in the crypts. For example, crypt enterocytes actively 
secrete chloride ions [Welsh et al., 1982] and conduct receptor-mediated 
transepithelial transport of secretory immunoglobulins from the lamina pro- 
pria into the lumen [Mostov and Blobel, 1982]; crypt goblet cells conduct 
acetychofine-regulated mucin secretion [Specian and Neutra, 1980; Neutra and 
Fbrstner 1987]; and crypt endocrine cells release regulatory peptides and amines 
in response to neural, endocrine, and luminal signals [Walsh, 1987]. As these 
cells migrate out of the crypts and onto the villi (in the small intestine) or onto 
the flat mucosal surface (in the colon, appendix, and rectum), they rapidly 
undergo a second phase of differentiation. At the crypt mouth, columnar cells 
assemble highly organized apical microvillous borders [Madara and Trier, 1 987J 
and express membrane-associated enzymes for terminal digestion and absorp- 
tion of nutrients [Moog 1979; Simon et al., 1979]. At the same transition 
point, goblet cells lose cholinergic sensitivity [Specian and Neutra, 1980; Phil- 
lips et al., 1984]. Because of continuous cell production, movement of new 
cells up the crypt wall and cell loss from the villus tip, this entire sequence of 
difTerentiative events is displayed along each crypt-villus axis at any moment 
in time (Table I). This has permitted relatively precise definition Jiot only of 
morphologic and enzymatic changes but also of the appearance and disap- 
pearance of antigenic markers during intestinal cell differentiation in vivo 
[Quaroni, 1984; Quaroni and Isselbacher, 1985]. 

B. Rat Fetal and Neonatal Development 

Prior to the establishment of the adult steady-state system, the epithelium 
as a whole passes through major differentiative stages. These stages have been 
documented most thoroughly in rats and mice, in which rapid differentiation 
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TABLE I. Landmarks of Epithelial Differentiation in Adult Small Intestine: 
The Crypt- Villus Axis* 



Crypt 



Transition 



Villus 



Cell position Base 



Morphologic 
features of 
enterocytes 



Physiologic 
parameters 



Enzyme 



activities 



Short microvilli 
free ribosomes 

Occluding junctions 
simple 

*H-thymidine 
uptake, mitosis 
mRNA synthesis 

Goblet cells: 
cholinergic 
sensitivity 

Secretagogue- 
induced chloride 
secretion 



Thymidine kinase 



Other antigens 
and biochemical 
markers 



Mouth 

Brush border 
assembly 



Basolateral Na, 
K-ATPase 
Apical Alkaline 
phosphatase 



Base 

Long microvilli 
terminal web 

Occluding junction 
complex 



Goblet cells: 
insensitive to 
cholinergics 

Ion- water 
absorption 
Na-dependent 
nutrient transport 

Three 

disaccharidases 
Four peptidases j' 



Tip 

Cell 
sloughing 



[Apical 



28-34 kD antigen 



Fucose*rich apical 
glycoproteins 



♦For references, see section UA in text. 



occurs late in fetal life, establishing a highly differentiated epithelial system 
specialized for the suckling period, the first three weeks of life (Table II). In 
humans, a similar stage occurs much earlier, during the first trimester of preg- 
nancy, but is maintained only until the midpoint of gestation and is no longer 
present during the suckling period. 

1* Predifferentiated fetal epithelium. The intestinal epithelium of fetal 
rats 1 week before birth (and of fetal humans at 8-9 weeks gestation) is a mul- 
tilayer of undifferentiated cells [Trier and Moxey, 1979]. In rats, cells of the 
upper layer are joined by tight junctions that prevent paracellular passage of 
macromolecules, and luminal membranes have short, sparse microvilli [Trier 
and Moxey, 1979; Colony and Neutra, 1985]. Deeper cells show no polarity 
and mitoses occur throughout the epithelium [Hermos et ah, 1971]. At this 
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stage, "fetal antigens*' representing carbohydrate epitopes are present through- 
out the epithelium [Quaroni , 1 986a] . These antigens are limited to cells of the 
crypts and lower villi in suckling rats and to crypt cells aJone in adults. Between 

17 and 20 days gestation in rats (9-10 weeks in humans), the stratified epithe- 
lium is converted to simple columnar by a complex process involving forma- 
tion of new tight junctions and secondary lumens and sloughing of apical cells 
into the iumen [Trier and Moxey, 1979; Madara et al., 1981]. During this 
process, in rats, polarized apical and basolateral "marker" phosphatases (alka- 
line phosphatase and Na, K-ATPase) first became detectable, already sorted 
to the proper domain [Colony and Neutra, 1983; Amerongen et al., 1987], At 

18 days in rat small intestine and at 19 days in colon, differentiated goblet and 
endocrine cells begin to appear, identified by their characteristic storage gran- 
ules. In general, differentiative changes appear first in proximal intestine and 
1-2 days later in distal regions. 

2. Cytodifferentiation stage I. About 1 day after the conversion of the 
epithelium to a monolayer in rat small intestine ( 19 days) and colon (20 days), 
a dramatic burst of cytodifferentiation occurs, and a variety of polarized, dif- 
ferentiated features suddenly appear (Table II). For example, the microvilli of 
absorptive cells elongate and dramatically increase in number while assembly 
of the complex brush border cytoskeletal morphology is completed. In chick- 
ens, in which the epithelium is a simple monolayer throughout development, 
assembly of the brush border cytoskeleton from previously synthesized pro- 
teins is completed just before hatching [Shibayama et al., 1987]. In rats, inte- 
gral membrane enzymes such as lactase and aminopeptidase are synthesized 
and inserted into apical microvillus membranes at 17-19 days, and maltase 
appears about 2 days later [Koldovsky, 1969; Quaroni, 1985a]. At the same 
time, specialized endocytic membrane systems assemble at the apical poles 
of absorptive cells, as if in anticipation of birth and the onset of suckling 
[Trier and Moxey, 1979; Wilson et al., 1987b]. At this stage, regional differ- 
ences in absorptive cells appear: In proximal small intestine, the membrane 
systems designed for Fc receptor-mediated uptake of maternal lgG appear, 
including polarized apical endosomal compartments [Colony and Neutra, 1985]; 
in distal small intestine and proximal colon, specialized intermicrovillus mem- 
brane invaginations and apical endosomal tubules develop bearing nonintegral 
luminal arrays; this endosomal membrane system contains an integral 55-61 
kD glycoprotein that serves as a marker for these membranes throughout the 
suckling period [Wilson et al., 1987 aj. In the 2 days before birth, endosomal 
vesicles and multivesicular bodies are assembled in the apical cytoplasm 
of ileal absorptive cells, while dense vesicles, presumably primary lyso- 
somes, accumulate near the Golgi complex [Wilson et al., 1987b]. Luminal 
macromolecules, in part derived from swallowed amniotic fluid, are endo- 
cytosed by both proximal and distal absorptive cells in late fetal life, and 
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both transepithelial transport and lysosomal digestion occur [Colony and 
Neutra, 1985]. 

Relatively few dramatic changes occur at birth in rats. With the first milk 
meal, multivesicular bodies and lysosomes in ileal absorptive cells rapidly 
fuse to form the giant lysosomal vacuole in which milk components are digested 
[Wilson et al., 1987b]. Transepithelial transport of maternal IgG [Rodewald 
and Abrahamson, 1982] and growth factors present in milk [Siminoski et al., 
1986; Gonnella et al., 1987] occurs in proximal and distal absorptive cells, 
respectively. Mitotic activity, widespread in the fetal epithelium, becomes lim- 
ited to intcrvillus regions and then to the crypts that develop during the first 
few days after birth, establishing the crypt-villus axis of differentiation [Hermos 
et al., 1971; Quaroni, 1985b]. Three new apical antigens of unknown func- 
tion appear afterbirth and disappear at weaning [Quaroni, 1985a]. In general, 
however, the brush border protein profile, in which identified enzymes account 
for a minority of membrane proteins [Hauri et al. , 1985], is stable from before 
birth to the end of the suckling period in rats [Quaroni, 1985a]. The relative 
paucity of brush border hydrolases during the suckling period is related to the 
importance of intracellular lysosomal digestion of nutrients during this stage. 

3. Cytodifferentiation stage II. At weaning (18-25 days postnatally in 
rats), the final phase of differentiation is accomplished by production of new, 
adult-type cells from proliferative precursors in the crypts and progressive dis- 
placement of suckling-type ceils toward the villus tips [Koldovsky, 1 969; Moog, 
1979]. Thus individual absorptive cells do not change phenotypc, but the epi- 
thelium as a whole shows dramatic changes from cell replacement (Table U). 
Brush border membranes of adult villus cells are rich in hydrolytic enzymes; 
some of those that were present on suckling cells shift to more acidic forms, 
and new enzymes appear [Quaroni, 1985a]. Endocytic activity declines, and 
the cells with elaborate apical endocytic systems with their marker antigens, 
along with IgG receptors in jejunum and gp 55-61 in ileum, disappear. Crypt 
goblet cells produced during and after weaning are responsive to cholinergic 
secretagogues, in contrast to goblet cells of fetal and suckling intestine in which 
cholinergic agents have no effect [Neutra et al., 1984]. After weaning, a sta- 
ble sequence of cell differentiation along the crypt-villus axis is present and 
persists through adult life, as described above (Table I). 

C. Human Fetal Development 

Much less information is available about human fetal intestinal differentia- 
tion, but morphologic and tracer studies have established that the human intes- 
tine is relatively mature at birth [Grand et al. , 1976] . The same general sequence 
of differentiative changes observed in rats occurs early during human fetal life 
[Trier and Moxey, 1979]. At 8-9 weeks of gestation, the human epithelium is 
stratified. Goblet cells appear in the stratified epithelium as early as 9- 10 weeks 
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and endocrine and Paneth cells soon thereafter. Formation of secondary lumens, 
conversion to simple columnar epithelium, and formation of villi occurs by 
10-1 1 weeks in the duodenum; both villi and crypts are well developed by 12 
weeks. 

Stage I cytodifferentiation in humans occurs at 10-12 weeks of gestation. 
Between 1 0 and 20 weeks, absorptive cells that line villi throughout the human 
fetal intestine bear morphologic resemblance to cells of suckling rat ileum, 
with abundant apical tubules bearing luminal arrays and multiple large lysosome- 
like vesicles [Trier and Moxey, 1 979] . Electron-dense tracers injected into amni- 
otic fluid of a fetal monkey in vivo or injected into the intestinal lumen in an 
aborted human fetus were endocytosed at this stage but not transported trans- 
epithelially [Lev and Orlic, 1973; Moxey and Trier, 1979J. It is not known 
whether human fetal cells that are actively endocytic express IgG receptors or 
other components found in suckling rat endocytic pathways or whether they 
conduct selective transepithelial transport of antibodies, hormones, or other 
proteins from swallowed amniotic fluid . 

Stage II cytodifferentiation in humans occurs at the midpoint of gestation. 
By 22 weeks, endocytic cells have disappeared in proximal intestine; the exact 
time of their disappearance from distal regions is unknown [Trier and Moxey, 
1979]. Thus an adult-like epithelium is established in the small intestine by 
the midpoint of human pregnancy* and no dramatic changes occur at birth or 
at weaning. The human fetal colon at 3-5 months of gestation resembles small 
intestine in that rudimentary villi are present, and brush border hydrolases; 
including sucrase-isomaltase and aminopeptidase, are expressed [Koldovsky, 
1969; Grand et al., 1976]. These enzymes are absent from colonic epithelial 
cells at birth and thereafter but reappear in certain well differentiated lines of 
colon carcinoma cells (see below). 

III. INTESTINAL EPITHELIAL CULTURE SYSTEMS 

In attempts to reproduce these complex stages of epithelial differentiation, in- 
vestigators have used three general strategies: 1) separation and culture of normal 
epithelial cells, 2) maintenance of intestinal explants in organ culture, and 3) 
culture of neoplastic epithelial cells derived from intestinal adenocarcinomas. 

A. Culture of Normal Intestinal Cells 

Attempts at establishing primary, differentiated cell cultures or short-term 
differentiated monolayers from adult intestine have been uniformly unsuccess- 
ful. Dispersed epithelial cells are readily obtained from intestinal mucosa of 
adult rodents, rabbits, chickens, and humans, but they remain viable in cul- 
ture for only a few hours at most. Such cells have been useful for short-term 
physiologic experiments that do not require maintenance of polarity, but they 
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do not proliferate or reestablish monolayers (Mover, 1983J. This presumably 
is due to the fact that most such cells are derived from villi and even in vivo 
would be nonproliferative and short-lived. 

As one alternative, intact sheets of epithelium in which tight junctions and 
crypt-villus architecture are preserved have been obtained from rodents by brief 
intravascular EDTA perfusion [Bjerknes and Cheng, 1981]. Protein and gly- 
coprotein synthesis continues, apical-basolateral polarity is maintained, and 
exocytosis can be induced for up to 1 hour in such floating epithelia [Phillips 
et al., 1984], but basolateral surfaces rapidly lose their normal organization. 
For example, Na, K-ATPase, normally concentrated in the lateral domain in 
intact epithelium, moves into the basal domain and is endocytosed shortly 
after epithelial isolation [Amerongen et al., 1987]. Thus such preparations 
are of limited usefulness for studies of transport physiology or membrane polar- 
ity. It is possible that viability of epithelial sheets could be extended some- 
what by culture in or upon media containing appropriate extracellular matrix 
(ECM) components [Sugrue and Hay, 1982], but it is unlikely that the com- 
plex crypt-villus system can be maintained for many hours in this way. 

Successful long-term primary culture of undifferentiated intestinal epithe- 
lial cells was achieved using benign human tumor cells [Friedman ct al. , 1981], 
rat fetal epithelial cells [Negrel et al. , 1983], and collagenase-dissociated cells 
from suckling rat small intestine [Quaroni et al., 1979; Quaroni and May, 
1980]. Selected epithelial colonies from the latter cultures were serially pas- 
saged, providing nonneoplastic, proliferative lines of intestinal epithelial cells 
(IEC). These lines, now maintained for nearly a decade, can form monolayers 
of cuboidai, polarized cells but consistently fail to differentiate in monolayer 
culture or to express brush border enzymes. Since IEC cells retain prolifera- 
tive capacity, they presumably are analagous to crypt cells [Quaroni and May, 
1980]. Recently, Kedinger and collaborators [1986a, b] succeeded in induc- 
ing IEC and fetal cell differentiation by seeding them onto denuded 14 day rat 
fetal mesenchyme and grafting the recombinant tissue under the kidney cap- 
sule of adult rats. Within 10 days, implants that survived developed typical 
intestinal mucosal structures, with all fourepithelial ceil types including absorp- 
tive cells that expressed typical brush border enzymes. This work established 
the pluripotent nature of IEC cells and also underscored the importance of 
mesenchymal cells and their products in intestinal morphogenesis and cyto- 
differentiation [Kedinger et al. , 1981 , 1986a, 1987; Haffen et al. , 1987]. The 
recombination grafting technique results in a complex tissue, however, in which 
individual cell types are as inaccessible as in normal intestine. 

B. Culture of Intestinal Explants 

Small (2-4 mm ) samples of intact intestinal mucosa, obtained from humans 
by biopsy and from experimental animals by surgery, have been maintained in 
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vitro for up to 24 hours [Trier, 1976; Neutra, 1980; Shields et al., 1979; 
Arsenauit and Menard, 1984]. These preparations have been useful for short- 
term physiologic studies but are too short-lived for experimental manipulation 
of cell differentiation. Rodent and chick fetal expiants consisting of short tubu- 
lar segments of intestine, however, can survive for long periods immersed in 
culture medium and can proceed to differentiate as in vivo [DeRitis et al., 
1975; Black and Moog, 1978;Ishizuya-Oka, 1983;Trudingetal., 1981;Kondo 
et al., 1984]. Differentiation of fetal segments also has been demonstrated 
after subcutaneous implantation into adult rats [Leapman et al., 1974; Mont- 
gomery et al., 1981]. In all these cases, survival and differentiation in culture 
could be initiated only with predifferentiated intestinal segments (17-18 days 
gestation in the rat) when the epithelium is stratified and cytodifferentiation 
has not yet begun. 

Several attempts have been made to obtain cultured epithelial monolayers 
derived from undifferentiated fetal intestinal cells. Montgomery and cowork- 
ers [1983] cultured mixed populations of trypsin-dissociated intestinal cells 
from 18 day fetal rats. After initial growth in vitro, cells were injected subcu- 
taneously or intraperitoneally into adult rats, and a differentiated intestinal 
mucosa was assembled in these sites [Montgomery et al. , 1983]. To obtain a 
more accessible system, mixed fetal epithelial and mesenchymal cells were 
seeded on collagen substrates or within a collagen "sandwich/' with or with- 
out added Matrigel, producing villus-like structures on the flat substrates and 
tubular structures in the sandwich [Montgomery, 1 986] . The resulting cultures 
in all cases consisted of mesenchymal cells underlying a cuboidal or columnar, 
well -polarized epithelial monolayer with goblet cells, showing proliferative 
activity. Apical alkaline phosphatase was expressed, but terminal differentia- 
tion analagous to villus cells in vivo was not observed [Montgomery, 1986]. 

Terminal differentiation did occur in epithelial-mesenchymal structures pro- 
duced by Quaroni [1985c] as outgrowths from 18 day fetal segments in organ 
culture. Epithelial cells in these outgrowths were tall columnar and highly 
polarized with multiple cell types, well developed apical brush borders, and 
expression of many of the plasma membrane antigens present on normal vil- 
lus cells. In addition, the endocytic complex typical of suckling rat ileal absorp- 
tive cells appeared in cells of the cultured outgrowths. Pure epithelial cell 
cultures isolated from these outgrowths, however, failed to differentiate in cul- 
ture and resembled the IEC cells derived from suckling rat intestinal crypts 
described above [Quaroni, 1985c]. Thus, in all systems tested so far, cells 
derived from norma! intestinal epithelium seem to require the presence and 
presumably the products of intestinal mesenchymal cells in order to differen- 
tiate [Haffenetal., 1987; Kedinger et al., 1987]. Standard basal lamina com- 
ponents are present under the normal intestinal epithelium [Laurie et al. , 1982] 
but their exact roles in epithelial differentiation have not been defined. Faced 
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with this limitation of normal intestinal cell culture, many investigators have 
turned to immortal cell lines derived from human colonic tumors. 

C. Intestinal Adenocarcinoma Cell Lines 

Dozens of human adenocarcinoma cell lines are available because adeno- 
carcinoma of the colon is a common human malignancy [Fogh and Trempe, 
1975], The growth properties of many lines in culture and in transplants have 
been described and reviewed [Fogh et al., 1977]. An antibody that specific- 
ally recognized a component present only on normal rat fetal and neonatal 
intestinal cells also recognized its antigen on 1 1 of 12 malignant human cell 
lines [Quaroni, 1986b], confirming the general similarity of neoplastic colonic 
cells and fetal epithelial cells [Zweibaum et al., 1983, 1984]. Such a relation- 
ship had been initially suggested 25 years ago with the discover}' of carcino- 
embryonic antigen [Gold and Freedman, 1965]. Colon carcinomas vary widely 
in their degree of differentiation in situ and in their differentiative capacity 
when grown as tumors in nude mice [Fogh et al., 1977]. Differentiation was 
observed when colon carcinoma cells were cultured on fetal rat mesenchyme 
[Fukamachi etal., 1986]. (For a detailed review of the metabolic and physio- 
logic properties of established adenocarcinoma cell lines in culture, see 
Zweibaum et al. [1988] and Chantret et al. [1988].) Under standard cell cul- 
ture conditions, most cell lines do not differentiate. 

1. Caco-2. One important exception is the Caco-2 cell line. Caco-2 cells 
were derived from a relatively well differentiated tumor and grow slowly in 
nude mice. When seeded either on permeable filters or impermeable substrates 
(plastic or glass) at high density, they consistently form well polarized mono- 
layers joined by tight junctions, with well developed apical microvilli [Pinto 
et al., 1983]. Such monolayers survive for up to 30 days in culture before 
spontaneously detaching from the substrate. Although derived from adult human 
colon, where microvillar hydrolases are not expressed, Caco-2 cells express 
two disaccharidases and two peptidases typical of normal small intestinal vil- 
lus cells; they also transport ions and water toward the basolateral surface, 
forming domes on impermeable substrates [Pinto et al., 1983]. Despite this 
superficial resemblance to normal small intestinal absorptive enterocytes, Caco-2 
cells are more closely analagous to enterocytes of the normal 15-week human 
fetal colon, in which microvillar hydrolases are transiently expressed [Koldovsky, 
1969; Grand et al., 1976]. Indeed, Caco-2 membrane hydrolases were shown 
to occur in molecular forms typical of fetal tissues [Hauri et al., 1985]. In 
their electrical parameters, ion conductance, and permeability properties, Caco-2 
monolayers resemble colonic crypt cells [Grasset et al . , 1 984] . Whereas crypts 
contain multiple cell types, however, Caco-2 monolayers are remarkably homo- 
geneous, suggesting that these cells represent the neoplastic equivalent of crypt 
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cnterocytes committed to the absorptive cell line but arrested in differentia- 
tion at the crypt/fetal stage. 

2. T84. The T84 cell line, originally derived from a lung metastasis of a 
human colon carcinoma, resembles Caco-2 in its ability to form spontane- 
ously well polarized monolayers of high electrical resistance [Dharmsathaphorn 
et al., 1984, 1985]. Unlike Caco-2 cells, T84 cells do not form well devel- 
oped brush borders and fail to express microvillar membrane hydrolases. In 
their morphology, electrical parameters, and ion transport activities, T84 mono- 
layers resemble adult colonic crypt cells [Madara and Dharmsathaphorn, 1985]. 
Like Caco-2 cells, T84 cell monolayers are homogeneous and appear to rep- 
resent a line derived from committed crypt cells (see elsewhere in this vol- 
ume). In both Caco-2 and T84 cells, monolayer formation and differentiation 
are accelerated on substrates such as collagen that enhance cell attachment, 
and differentiation is preceded by synthesis and polarized secretion of basal 
lamina components [Madara et al., 1987], 

3. HT29. The HT29 cell line, in contrast, does not show polarity or other 
differentiated characteristics of intestinal cells under standard conditions (in 
media containing glucose and normal serum), and until recently these cells 
were useful only for studies of general cell features, such as ubiquitous recep- 
tors and carbohydrate metabolism [Rousset eta!., 1981; Rousset, 1986]. When 
grown in the absence of glucose, however, HT29 cells exhibit a high degree 
of differentiation [Pinto et al., 1982], surpassing in some respects all other 
neoplastic lines developed to date [Rousset, 1986]. Phenotypes resembling ter- 
minally differentiated goblet and absorptive cells appeared in highly polar- 
ized, confluent HT29 cell monolayers when galactose , inosine, or uridine were 
substituted for glucose as carbon sources [Pinto et al. , 1 982; Wice et al . , 1 985] 
or even in the total absence of these additives [Zweibaum et al., 1985]. Con- 
ditions permissive for differentiation also include the presence of supplemen- 
tal human transferrin and nonessential amino acids and seeding at high density 
so that confluence is reached within a few days after plating. Differentiated 
HT29 cells express four brush border enzymes: alkaline phosphatase, sucrase- 
isomaitase, aminopeptidase N and dipeptidylpeptidase IV [Pinto et al., 1982; 
Zweibaum et ai., 1983, 1984, 1985], all of which are typical of normal fetal 
colon. HT29 cells grown in the absense of glucose form highly polarized, 
differentiated monolayers either on permeable filters or uncoated, imperme- 
able glass. Although they do not secrete a basal lamina visible by electron 
microscopy, both undifferentiated and differentiated HT29 cells do secrete immu- 
noreactivc laminin. Since differentiation can be manipulated in culture, HT29 
monolayers offer unique opportunities to reproduce and dissect the process of 
intestinal cell differentiation and to identify factors that govern the physio- 
logic functions of terminally differentiated intestinal cells. 

The value of the HT29 cell line has been further extended by isolation of 
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clones and subclones. A clone designated HT29-18 was shown to be multi- 
potent, giving rise to both goblet and absorptive cells when grown in the absence 
of glucose, and a fraction of these cells retained partially differentiated char- 
acteristics, such as the ability to form monolayers when returned to glucose- 
containing medium [Huet et al., 1987]. Subcloning of differentiated HT29-18 
cells by limiting dilution and replating in medium containing glucose pro- 
duced colonies that expressed a single phenotype, either goblet cell or absorp- 
tive cell (Fig. 1) [Huet et al., 1987]. Further studies have established that 
fully differentiated HT29 subclones, like the HT29 parent and cloned lines, 
show many characteristics typical of terminally differentiated surface epithe- 
lial cells in the human fetal colon. These features are described in more de- 
tail below. 

IV. USE OF IN VITRO SYSTEMS FOR STUDY OF INTESTINAL 
CELL BIOLOGY 
A. Cell Differentiation 

IEC cells consistently fail to differentiate in monolayer culture [Quaroni 
and May, 1980], and so far this requirement has not been fulfilled by coating 
culture surfaces with ECM components reconstituted from tissue extracts. IEC 
cells did differentiate when seeded onto denuded native fetal mesenchyme and 
implanted in vivo (as did fetal endodermal cells); differentiation was induced 
in these recombinant tissues regardless of the source of the mesenchyme — either 
intestine or skin [Kedinger et al., 1986b, 1987; Haffen et al., 1987]. Simi- 
larly, differentiation of epithelial cells from dissociated fetal tissue [Montgomery, 
1986J and in outgrowths of fetal intestinal explants [Quaroni, 1985c] has been 
obtained only in the presence of mesenchymal cells, although the overall shape 
of the resulting tissue can be influenced by the contour of the substrate pro- 
vided [Montgomery, 1986]. Direct epithelial cell interactions with mesenchy- 
mal cells occurs during normal fetal development [Mathan et al. , 1 972; Burgess, 
1976] and in vitro this poorly defined interrelationship is a prerequisite for the 
epithelial differentiative response to glucocorticoids [Kedinger et al., 1987]. 
Seeding of IEC or fetal endoderm cells onto preformed, cell-free adult intesti- 
nal basal lamina or other native matrix has not yet been reported. It is clear, 
however, that the crypt-villus axis of differentiation is not readily reproduced 
using normal intestinal cells on the artificial basal lamina preparations now 
available. In vivo, adult intestinal cells are accompanied during crypt-villus 
migration by a distinct population of subepithelial fibroblasts that migrates in 
parallel [Marsh and Trier, 1974; Parker et al., 1974], and these may supply 
chemical signals that influence expression of fully differentiated epithelial fea- 
tures [Haffen etal., 1987]. 

The neoplastic cells described above are apparently released from this con- 
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Fig. 1. Schematic diagram showing the method of isolation of HT29 clones and subclones. 
Clone HT29- 18 was isolated after tliree successive clonings of the parent HT29 cell line. HT29-1 8 
cells adapted to glucose-free medium differentiated into both absorptive and goblet cells. Fur- 
thcr cloning of HT29-18 cells yielded subclones that were selected for their ability to differenti- 
ate into homogeneous monolayers of either absorptive ceils (HT29-18/CI) or goblet cells 
(HT29-I8/N2). (Reproduced from the Journal of Cell Biology, 1987. 105:349, by copyright 
permission of the Rockefeller University Press.) 
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straint and proceed to differentiate without strict substrate requirements. T84 
cells in conventional media and HT29 cells in media lacking glucose prolifer- 
ate and form mixed monolayers/multilayers soon after seeding. Subsequent 
homogeneous monolayer formation is accompanied by appearance of intra- 
cellular and intraepithelial lumens containing apical membrane markers and 
microvilli [Madara et ai., 1987; LeBivic et al., 1988b; Phillips et ah, 1988] 
reminiscent of the secondary lumens that appear in nonnal fetal intestine dur- 
ing epithelial conversion from stratified to simple columnar [Madara et al., 
1981; Colony and Neutra 1983]. This phenomenon may be useful in under- 
standing establishment of membrane polarity, as described below. 

Soon after polarized monolayers are established, all three cell lines resem- 
ble undifferentiated crypt cells morphologically, but they are not identical. 
Caco-2 cells seem committed to a single hybrid phenotype, expressing the 
ion transport properties of colonic crypt cells [Grasset et al., 1984] and some 
(but not all) of the apical membrane enzymes of fetal colonic villus cells [Hauri 
et al., 1985]. T84 cells are also committed to the enterocyte phenotype but 
differentiate only to the level of nonnal crypt epithelium [Madara and Dharm- 
sathaphorn, 1985; Madara etal., 1987], conducting elcctrogenic chloride secre- 
tion that is induced by secretagogues [Dharmsathaphorn et al., 1984, 1985]. 
Whether T84 cells grown under other culture conditions could proceed to 
become analagous to colonic surface absorptive cells is unknown. 

HT29 cells mimic more closely the normal crypt-villus system [Zweibaum 
et al., 1988]. Whereas both the parent line and clone HT29-1 8 are multipotent, 
like crypt stem cells, the subclones derived from HT29-18 when immature 
(shortly after confluence) are analogous to crypt cells committed to a single 
phenotype, either absorptive cell (HT29-18C1) or goblet cell (HT29-18N2) 
[Huet et al., 1987]. Other HT29 clones have also been identified as single- 
phenotype [Augeron and Laboisse, 1984], Commitment of the parent cells 
was apparently induced either by forcing an alteration in carbohydrate metab- 
olism [Zweibaum et al., 1985] or by long-term treatment with sodium buty- 
rate [Augeron and Laboisse, 1984]. Evidence from both Caco-2 and HT29 
cells indicates that important changes in glucose metabolism accompany dif- 
ferentiation: Glucose consumption and lactic acid production, as well as avail- 
able UDP-N-acetylhexosamines, decline as glycoprotein synthesis increases. 
Availability of committed homogeneous clones and subclones has opened the 
way for study of the differentiation process of single cell types on the crypt- 
villus axis. Specific studies of HT29 absorptive cells [Dudouet et al., 1987] 
and goblet cells [Phillips et al . , 1 988] are described below. 

B. Membrane Polarity 

Various types of epithelial cells seem to differ in their degree of membrane 
polarity and their ability to sort apical and basolateral proteins. Some of these 
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differences reflect the greater polarity achieved by normal cells in vivo as com- 
pared to cultured monolayers, and others may be attributed to the specific prop- 
erties in vitro of the various cell lines used as models. Polarized delivery of 
viral glycoproteins in infected MDCK cells requires cell-substrate or cell-cell 
contact [Rodriguez-Boulan 1983a, 1983b]. Correct insertion of MDCK cell 
apical membrane components requires lateral cell-cell contact f Vegas-Salas et 
al., 1987], and maintenance of polarity depends on the tight junctional bar- 
rier [Gumbiner and Simons, 1986]. Cells of polarized, tight MDCK mono- 
layers son endogenous membrane proteins intracellularly in the trans-Golgi 
compartment [Matlin and Simons, 1984; Fuller et al., 1985]. A transfected 
membrane protein, the IgA receptor, was also properly sorted by MDCK mono- 
layers [Mostov and Deitcher, 1986]. On the other hand, transfected MDCK 
cells expressing exogenous secretory proteins released them by ' 'default' * onto 
both surfaces [Gottlieb et aL, 1986; Kondor Koch et al., 1985]. Some exoge- 
nous secretory proteins expressed in transfected endocrine cells were sorted 
properly in the trans-Golgi, entering regulated secretory granules [Moore and 
Kelly, 1985). In part, this may reflect the absence of a regulated secretory 
pathway in MDCK cells, it is not yet established whether the inability of some 
transfected cells to sort certain exogenous proteins properly is due to lack of 
the specialized recognition machinery that correctly sorts these molecules in 
the cells that normally express them. Terminally differentiated intestinal cells, 
unlike MDCK cells, show extreme structural polarity and elaborately-organized 
apical domains [Reggio et al., 1988]. Most of the specialized apical mem- 
brane components of enterocytes are not even synthesized until well after a 
high degree of polarity is established. The site of sorting in intestinal cells, 
however, is not clearly established. Indeed, the exact itinerary of apical and 
basolateral membrane proteins from the trans-Golgi cisternae to the plasma 
membrane in various specialized, differentiated cell types is still controver- 
sial, as discussed below. 

Cultured monolayers derived from normal rat intestinal cells such as IEC 
lines have been of limited use in membrane polarity studies, because in mono- 
layer culture they fail to achieve high polarity and do not express polarized 
membrane markers. Neoplastic intestinal cell lines, in contrast, can achieve 
high polarity in monolayer culture and express multiple, specific endogenous 
markers for both apical and basolateral domains (Figs. 2 and 3). Endogenous 
intestinal cell basolateral membrane components are synthesized and correctly 
delivered to the basolateral domain in polarized HT29 cell monolayers, includ- 
ing NA, K-ATPasc, transferrin receptor, polymeric immunoglobulin (IgA) recep- 
tor, and histocompatibility antigen (HLA-1). An antigen of unknown function 
defined by monoclonal antibodies is also localized in the basolateral mem- 
brane of HT29 cells [LeBivic et al. , 1988b]. In nonpolarized, undifferentiated 
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Fig. 2. Confluent HT29-18/Q cells grown in medium containing glucose. This absorptive cell 
subclone forms polarized monolayers with tight junctions and expresses some brush border 
hydrolases in the presence of glucose. Bar = 1 fim. 

HT29 cells grown in glucose-containing medium, these proteins are expressed 
over the entire surface, but, after formation of apical domains in polarized 
monolayers grown without glucose, they are strictly confined to the basolateral 
side [Godcfroy et al., 1988]. This phenomenon resembles that observed dur- 
ing cell polarization in normal fetal rat intestine: Na, K-ATPase is distributed 
uniformly on surfaces of unpolarized cells in the stratified fetal epithelium but 
is consistently excluded from newly formed apical domains as tight junctions 
assemble and polarization develops [Colony and Neutra, 1983; Amerongen et 
al., 1987]. 



382 Neutra and Louvard 




Fig. 3. Confluent HT29- I8/C1 celJs grown in medium lacking glucose but containing 5 mM 
galactose. In the absence of glucose, well developed brush borders are formed and the apical 
membrane contains sucrase-isomaltase (visualized by immunoperoxidase labeling), a marker 
for tenninal differentiation. Bar = 1 jim. 

In Caco-2 cell monolayers grown on permeable filters, secretion of the endog- 
enous enterocyte product apolipoprotein (which in adults in vivo would be 
released into the circulation) and ot-fetoprotein (a product of fetal endoder- 
mal tissues) occurred only toward the basolateral side as expected [Rindler 
and Traber, 1988]. Treatment of MDCK cell monolayers with weak bases was 
shown to disrupt polarized basolateral secretion of laminin, the endogenous 
product [Caplan et al., 1987], but in Caco-2 cells [Rindler and Traber, 1988] 
and HT29 cells correct basolateral delivery of endogenous products was not 
affected by such treatment. Furthermore, secretion of exogenous proteins (human 
growth hormone introduced by gene transfection and a lysosomal enzyme defi- 
cient in glycosylation) was exclusively basolateral in Caco-2 cells [Rindler 
and Traber, 1988]. Together, these findings indicate that basolateral delivery 
of membrane proteins and secretory products in intestinal cells could occur 
partly or entirely by default and may not require sorting signals. In addition, 
they underscore the danger in extrapolating data obtained using MDCK cells 
to specialized, highly polarized epithelial cells such as intestinal enterocytes. 

Delivery of newly synthesized membrane glycoproteins to the apical domain, 
in contrast, seems to require the presence of tight junctions [LeBivic et al., 
1988b] and functional microtubules [Bloketal., 1981a; Bennett etal., 1984] 
and probably depends on specific molecular sorting signals. The earliest-detected 
apical protein expressed in the stratified epithelium of fetal rat colon, alkaline 
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phosphatase, appears only after tight junctions have assembled and have defined 
the apical membrane domains of the mucosal surface and intra epithelial lumens 
[Colony and Neutra, 1983; Amerongen et al., 1987]. Cells in the fetus that 
lack apical domains do not express apical antigens. A 170 kD antigen nor- 
mally confined to human colonic cell apical membranes is expressed in neo- 
plastic HT29 cells even before monolayer formation, but in unpolarized HT29 
cells this antigen is weakly expressed and is confined to intracellular vacuoles 
[LeBivic et al . , 1 988b] . Undifferentiated HT29 cells grown in glucose have no 
immunologically detectable sucrase-isomaltase, but metabolic labeling stud- 
ies revealed that high-mannose and complex forms of the enzyme are synthe- 
sized and rapidly degraded. This contrasts with differentiated cells where the 
enzyme is processed, delivered to the cell surface, and remains stable for at 
least 48 hours [Trugnan et al . , 1 987] . Further studies demonstrated that N-glycan 
processing is severely altered in undifferentiated, neoplastic enterocytes [Ogier- 
Denisetal., 1988]. 

Formation of monolayers by T84 cells, as well as HT29 cells grown with- 
out glucose, is often accompanied by appearance of intraepithelial lumens 
defined by junctional complexes and lined by microvilli [LeBivic etal., 1988b; 
Madara et al., 1987; Phillips et al!, 1988]. During monolayer formation in 
HT29 cells, the apical 170 kD antigen appeared on these small lumens as well 
as on the apical side of the epithelium once tight junctions were present [LeBivic 
et al. , 1988b], Formation of aberrant lumens between or within differentiating 
HT29 or T84 cells is thus reminiscent of normal fetal events. Although it must 
be recalled that these are neoplastic cells, the mechanisms that direct apical 
membrane insertion in norma] cells are presumably operative in neoplastic 
cells as well. Thus these culture systems permit de novo formation of apical 
membrane to be followed (and in HT29 cells to be manipulated with culture 
conditions) so that factors controlling expression and sorting of apical mem- 
brane glycoproteins can be defined more clearly. 

There is evidence that sorting of apical glycoproteins in intestinal cells, as 
in MDCK cells, occurs in the trans-Golgi compartment based on the distribu- 
tion of these proteins in subcellular fractions after metabolic labeling [Danielson 
and Cowell, 1985] and on immunolocalization of intestinal apical proteins 
[Fransen et al., 1985]. There is also evidence, however, for initial targeting of 
apical glycoproteins to the lateral membrane, followed by rapid sorting and 
selective transepithelial transport to the apical side [Louvard, 1980; Massey 
et al., 1987]. Recent evidence from metabolic labeling studies in hepatocytes 
has revealed a similar pattern: Glycoproteins concentrated in the bile canalicular 
(apical) membrane at steady state appear transiently in the sinusoidal (baso- 
lateral) membrane soon after synthesis [Bartles and Hubbard, 1988]. Intesti- 
nal cells share with hepatocytes an endodermal origin, constitutive basolateral 
secretion of certain serum proteins, a basolateral-to-apical transport pathway 
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for IgA, and a highly specialized apical domain. It is thus conceivable that all 
intestinal apical membrane glycoproteins could first be inserted basolaterally, 
along with the IgA receptor, and then rapidly sorted for delivery to the apical 
domain [Bartles and Hubbard, 1988], On the other hand, intestinal cells syn- 
thesize much larger amounts of apical membrane constituents than do hepato- 
cytes: At least half of newly synthesized, [ 3 H]fucose-labeled membrane 
macromolecules appeared in apical membrane soon after synthesis, and pre- 
dominantly basolateral delivery was observed only after disruption of micro- 
tubules with drugs [Blok et al., 1981a; Bennett et al., 1984]. Further studies 
using cultured monolayers of well differentiated intestinal cells should finally 
resolve this issue. 

C. Synthesis and Processing of Apical Membrane Glycoproteins 

Glycoproteins of the microvillus membranes show diverse and unique features 
that have been extensively investigated and reviewed [Hauri, 1983; Semenza, 
1986]. Sucrase-isomaltase, for example, is synthesized in mammalian entero- 
cytes as a large precursor that is processed in the rough endoplasmic reticulum 
(RER) and Golgi, and cleaved into two subunits — the larger intramembrane 
isomaltase and smaller sucrase — after insertion in the apical membrane by cell- 
surface proteases derived from pancreatic secretions [Hauri et al., 1982 J. In the 
fetus, where pancreatic protease secretion is negligable, final processing does 
not occur, and the high-molecular-weight form persists in the apical membrane 
[Hauri, 1983]. Caco-2 ceils express two of the three disaccharidases (sucrase- 
isomaltase and lactase) identified in microvillar membranes of normal intestine. 
Metabolic labeling and immunochemical studies of Caco-2 hydrolases revealed 
that the 217 kD single-chain precursor form of sucrase-isomaltase persists in 
Caco-2, as in human fetal intestine, and also confirmed that lactase is synthe- 
sized as a large precursor that is proteolytically cleaved, perhaps intracellularly, 
without the participation of pancreatic enzymes [Hauri et aJ., 1985]. Caco-2 
cells also express aminopeptidase N and dipeptidylpeptidase IV in normal fetal 
forms, slightly smaller than the normal adult human enzymes. Pulse-labeling 
studies using the Caco-2 monolayer system further revealed that microvillar 
proteases are transported from RER to Golgi more rapidly than are disaccha- 
ridases [Hauri et al. , 19851. Detailed understanding of the synthetic and pro- 
cessing steps involved in normal enzyme production in enterocytes, derived in 
part from monolayer culture systems, is important for eventually elucidating the 
molecular and genetic defects underlying human clinical malabsorption syn- 
dromes such as lactase and sucrase-isomaltase deficiency [Nairn et al., 1988]. 

D. Development of a Polarized Cytoskeleton 

The molecular architecture of the enterocyte brush border has been exten- 
sively studied as a model system for membrane-cytoskeleton interactions and 
assembly of actin filaments and filament bundles [for review, see Mooseker, 
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1985]. The apical microvilli of enterocytes contain cell-specific actin-associated 
components, including villin, a 95 kD protein that controls polymerization of 
actin [Bretscher and Weber, 1980; Mooseker, 19851 and a 110 kD protein- 
calmodulin complex that contains actin-activated Mg-ATFfcse activity and forms 
periodic actin-membrane cross bridges along the microvillus [Collins and 
Borysenko, 1984; Conzelman and Mooseker, 1987], in association with a 
140/200 kD membrane glycoprotein [Coudrier et al. , 1983]. Microvillus actin 
core rootlets also interact with an enterocyte brush border-specific form of 
spectrin [Glenney and Glenney, 1983; Pearl et al., 1984]. 

Immunocytochemical studies in developing chick embryos showed that key 
elements of the brush border cytoskeleton are present in diffuse form early in 
development, but their assembly in the brush border occurs in stages and is 
completed just before hatching when typical brush border ultrastructure is estab- 
lished. Three actin-associated proteins of the microvillar core moved into place 
at the apical pole at different times: villin at 8 days, fimbrin at 10 days, and 
1 10 kD protein only at 21-22 days [Shibayama et al., 1987]. 

Villin in mammalian enterocytes is also diffusely distributed in undifferen- 
tiated cells of adult crypts and fetal intestine but concentrates jn the apical 
brush border as cells undergo terminal differentiation [Robinc et al., 1985]. 
Because villin is present in enterocytes at all differentiative stages, including 
primitive fetal endoderm, and in tumors derived from intestinal epithelium 
regardless of their state of differentiation, it provides a diagnostically valu- 
able antigenic marker for identification of adenocarcinomas of intestinal ori- 
gin [Robinectal., 1985]. 

Terminal differentiation of HT29 cells, the multipotent clone HT29-18, and 
the enterocyte subclone HT29- 1 8C 1 is accompanied by assembly of well devel- 
oped brush borders (Fig. 3). The presence and distribution of villin, like other 
markers of differentiation, was dramatically altered by shifting cells from 
glucose-containing to glucose-free media. Enzyme-linked immunosorbant assay 
(ELISA) and immunoflourescence using specific anti villin monoclonal anti- 
bodies revealed that villin in well differentiated HT29-18 cells is as abundant 
as in normal human enterocytes and is concentrated in microvillar cores, whereas 
villin in undifferentiated HT29-18 cells is diffusely distributed and present at 
low levels [Dudouet et al., 1987]. HT29-18 cells dramatically increase rates 
of villin synthesis during differentiation, attributable either to an increase in 
transcription or to stabilization of villin mRNA [Pringauit et al., 1986]. The 
HT29 cell system, in which brush border assembly can be controlled by manip- 
ulating culture conditions, opens the way for clearer understanding of brush 
border assembly using molecular biological approaches. 

E. Vectoral Ion TVansport 

Net ion and water movements across the normal intestinal epithelium rep- 
resent the sum of movements across distinct microareas: ion secretion from 
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crypts and ion absorption from villi [Welsh ct al., 1981; Powell, 1987]. Fur- 
thermore, fluxes within each area may represent the sum of paracellular per- 
meability differences among various cell types [Marcial et al., 1 984] . The 
homogenous monolayer culture systems T84 and Caco-2 have been proved 
valuable alternatives to the complex normal situation even though they are 
derived from neoplastic cells that may differ in some respects from normal 
enterocytes. Transport and permeability studies using the T84 cell system are 
described in detail elsewhere in this volume. 

Caco-2 cells grown under standard culture conditions show ion transport 
properties analagous to normal colonic crypt cells and not to cells on the muco- 
sal surface [Grasset et aL, 19851. Differentiation of Caco-2 cells was accom- 
panied by a tenfold increase in receptors for vasoactive intestinal peptide (VIP), 
a secretogogue that induces vectoral transport of fluid and electrolytes in nor- 
mal intestinal crypts [Laburthe et al. f 1987], Caco-2 cell monolayers are sen- 
sitive to physiological secretagogues such as VIP and other agents that elevate 
intracellular cyclic AMP concentrations, and respond with an apically directed 
secretion of chloride ions [Grasset et aL, 1985], but they do not exhibit elec- 
trogenic, amiloride-sensitive sodium absorption [Grasset et al. . 19841. Caco-2 
cells grown on impermeable substrates in the absense of secretagogues form 
domes, however, indicating their ability to transport ions in an apical to 
basolateral direction [Pinto et al., 1983]. Caco-2 cell monolayers develop tight 
junctions that prevent passage of macromolecules [Hidalgo et al., 1988], as 
do cells of normal crypts [Phillips et al., 1987], and provide electrical resis- 
tance of about 150 ohms/cm 2 [Grasset et al., 1984]. This value is somewhat 
lower than that of normal colonic mucosa in vivo, where both leaky crypt and 
tighter surface junctions are present [Powell, 1987]. 

F. Endocytosis and Transport of Macromolecules 

Nonselective endocytosis and transepithelial transport of luminal macro- 
molecules occur in the rat fetal intestinal epithelium at all stages [Colony and 
Neutra, 1985]. In rats, specific receptor-mediated endocytosis and transepithelial 
transport of milk macromolecules, including maternal IgG [Rodewaid and 
Abrahamson, 1982] and growth factors [Siminoski et al., 1986; Gonnella et 
al. , 1987] , is confined to the absorptive cells of the suckling period and involves 
highly polarized apical endosomal compartments [Wilson et al., 1987a]. The 
IEC monolayer culture system derived from normal rat intestinal crypts does 
not produce suckling-type endocytic cells even when fully differentiated on 
mesenchymal substrates [Kedinger et al., 1986b]. Cultures derived from rat 
fetal explants including fetal mesenchyme did produce epithelial cells with 
the apical tubules and lysosomal vacuoles characteristic of the suckling rat 
ileum, but pure epithelial monolayers isolated from these explants failed to 
develop such features [Quaroni, 1985]. 
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Adult rat and human absorptive cells nonselecti vely endocytose small amounts 
of luminal protein but generally direct them to apical lysosomes [Blok et al., 
1981a]. Absorptive cells with apical endocytic systems morphologically com- 
parable to those seen in suckling rat ileum are present in human fetal enterocytes 
between 10 and 20 weeks of gestation [Trier and Colony, 1 979], but such cells 
have not been observed to date in cultured human adenocarcinoma cell lines. 
Differentiation of HT29 cells in glucose-free medium, for example, seems to 
recapitulate the crypt-villus axis of development in fetal colon at a later gesta- 
tional stage, after the disappearance of endocytic cells. Caco-2 cells are also 
comparable to fetal colonic cells at a stage that lacks-endocytic complexes. 
Like normal adult rat and human enterocytes, they endocytose fluid-phase trac- 
ers from both apical and basolaterai surfaces and direct the tracers to apical 
lysosomes [Hidalgo et al., 1988]. Thus there is presently no monolayer sys- 
tem in which the elaborate, polarized endocytic systems of fetal/neonatal 
enterocytes are reproduced in monolayer culture. 

Adult intestinal cells in the ileum conduct receptor-mediated endocytosis 
of intrinsic factor (IF)-cobalamin (vitamin B| 2 ) complexes from apical coated 
pits between microvilli [Levine et al., 1986], but the intracellular fates of EF 
and its receptor are unclear. Recently, Caco-2 cell monolayers were shown to 
bind and internalize both IF-cobalamin and cobalamin alone, and the recep- 
tor was identified as a 90 kD glycoprotein, contrasting with the 180 kD spe- 
cies identified as a cobalamin receptor in normal human ileum [Muthiah and 
Seetharam, 1987]. 

The basolaterai membrane of adult enterocytes contains receptors for trans- 
ferrin and polymeric IgA, both of which mediate uptake of their respective 
ligands into basolaterai endosomes [Slot and Geuze, 1984; Banerjee et al., 
1986]. In HT29-18C1 cells, as in other polarized cells [Klausner et al., 
1983], ferrotransferrin uptake into acidic compartments delivers iron to the 
cell, and apotransferrin-receptor complexes are recycled to the basolaterai 
plasma membrane [Godefroy et al., 1988]. IgA-receptor complexes, in con- 
trast, do not recycle but are delivered to the apical surface, where the recep- 
tor is cleaved, releasing secretory IgA into the lumen [Mostov and Blobel, 
1982]. Separation of flourescently labeled IgA and tranferrin after basolaterai 
endocytosis in enterocytes has been reported, but detailed studies on receptor 
movements in the endocytic membrane systems at the basolaterai cell surface 
are lacking. 

The HT29 cell system provides an excellent enterocyte-like model in which 
basolaterai receptors can be followed morphologically and biochemically. In 
addition to receptors for transferrin, la antigen (MHC II] is present on basolaterai 
membranes of normal crypt enterocytes [Gorveletal., 1984; Mayrhofer, 1984]. 
Both transferrin receptors and histocompatibility antigen are basolaterai on 
well polarized HT29 cells. These two membrane proteins are uniformly dis- 
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tributed on nonpolarized HT29 ceils but acquire polarized distribution during 
differentiation, being excluded from the newly formed apical membrane domain 
[Godefroy et al., 1988]. Study of transferrin receptor, IgA receptor, and other 
molecular traffic in HT29 cells will serve to extend the information already 
gained from other polarized cell systems such as hepatocytes. Further study 
of the synthesis, trafficking, and function of intestinal epithelial histocompat- 
ibility complexes in HT29 cells may reveal their exact function in normal intes- 
tine, which is presently unknown; this may help to clarify the interactions of 
crypt enterocytes with luminal antigens and with cells of the mucosal immune 
system [Mayrhofer, 1984]. 

G. Regulated Secretion 

Much of the information currently available regarding the mechanisms of 
sorting of secretory proteins into constitutively secreted vesicles or regulated 
storage granules has been derived from endocrine cells [for review see Kelly, 
1985]. Polarized epithelial monolayer culture systems that reproduce the reg- 
ulated, polarized secretion of exocrine cells have not generally been avail- 
able. The AR42J rat pancreatic cell line, proposed for this purpose, synthesizes 
amylase and releases it in response to cholecystokinin when grown in mono- 
layer culture [Logsdon et al. , 1 984] but these cells do not store secretory gran- 
ules to the same degree as do normal pancreatic cells. 

The HT29- 1 8N2 subclone now provides a valuable alternative. When grown 
in the absense of glucose, these cells form highly polarized, homogeneous 
monolayers showing the morphological features of fully differentiated intesti- 
nal goblet ceils IHuet et al. , 1987 J, a cell type highly specialized for exocrine 
secretion of mucin [Neutra and Forstner, 1987]. The sequence of morpho- 
logic changes in HT29- J 8N2 cells during cytodifferentiation in confluent mono- 
layers resembles that seen during goblet cell differentiation in normal crypts 
in vivo [Phillips et al., 1988] (Fig. 4). Immunocytochemical analysis, using a 
panel of monoclonal antibodies directed against defined oligosaccharide and 
peptide epitopes of normal human colonic mucin, revealed that HT29-18N2 
cells synthesize human colonic mucin but show more heterogeneity in oligo- 
saccharide epitopes than do normal human goblet cells (Fig. 5). Constitutive 
secretion of glycoproteins was detected prior to differentiation, but immuno- 
reactive mucin appeared only after formation of stored secretory granules. 
Terminally differentiated HT29-18N2 goblet cells respond to cholinergic secre- 
tagogues, analagous to intestinal crypt goblet cells [Phillips et al., 1988]. 

These cells can be grown on both permeable and impermeable substrates, 
allowing application of secretagogues to basolateral membranes. In addition, 
differentiation can be modulated by changing culture conditions so that some 
degree of synchrony can be obtained, a situation impossible to obtain in vivo. 
HT29-18N2 goblet cells store secretory granules to the same extent as their 
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Fig. 4. Confluent HT29-I8/N2 cells grown in medium lacking glucose but containing 5 mM 
galactose. A: By light microscopy, this subclone forms a homogeneous monolayer of goblet 
cells when fully differentiated. Bar - 10 M-m. B: By electron microscopy, the apical poles of 
diffentiated cells are filled with large granules typical of mucin-secrcting cells. Bar = I jun. 



counterparts in vivo [Neutra and Forstner, 1987J. This subclone can now be 
exploited to gain a clearer understanding of some of the key functions com- 
mon to regulated exocrine cells, including mechanisms of sorting of secre- 
tory proteins into regulated granules, assembly of storage granules and their 
unique membrane components, and mechanisms governing compound exocy- 
tosis during stimulated secretion. 
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Rg. 5. Nomaiski image of confluent HT29- 1 8/N2 cells grown as for Figure 4, but not yet fully 
differentiated. Differentiation of monolayers is not synchronous: Some cells have many secre- 
tory granules containing immunoreactive mucin (visualized by inununoperoxidase labeling); 
others have not yet begun mucin synthesis or storage. Bar - 1 0 u.m. 
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1. INTRODUCTION 

The preclinical discovery and development of anticancer drugs by the NCI consist 
of a series of test procedures, data review, and decision steps that have been sum- 
marized recently (7). Test procedures are designed to provide comparative quantita- 
tive data, which in turn, permit selection of the best candidate agents from a given 
chemical or biological class. Periodic, comprehensive reviews by various NCI com- 
mittees serve not only to identify and expedite the development of active lead com- 
pounds that may provide more efficacious treatments for human malignancy, but also 
to eliminate agents that are inactive and/or highly toxic from further consideration. 

Various components in NCFs drug discovery and development process have evolved 
in response to a combination of factors— scientific, clinical, technological, and fiscal. 
A series of review articles have charted the evolution of the drug screening program 
and have described specific elements of the process, e.g., acquisition, screening, ana- 
log development and testing, pharmacology, and toxicology (2-72). The present 
chapter provides: a brief history of the in vivo screens used by NCI; a description of 
the human tumor xenograft systems, which are currently employed in preclinical drug 
development; a discussion of how these xenograft models are employed for both ini- 
tial efficacy testing as weD as detailed drug evaluations; and a description of a new 
model that may facilitate preclinical drug development. 
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2. HISTORICAL DEVELOPMENT OF NCI SCREENS 

Analyses of various screening methods available prior to 1955 indicated that (1) 
nontumor systems were incapable of replacing tumor systems as screens, and (2) no 
single tumor system was capable of detecting all active antitumor compounds (13). 
Since that time, the preclinical discovery and development of potentially useful anti- 
cancer agents by the NCI have utilized a variety of animal and human tumor models 
not only for initial screening, but also for subsequent studies designed to optimize 
antitumor activity of a lead compound or class of compounds. Although the various 
preclinical data review steps and criteria have remained essentially the same through- 
out the years, the modes and rationale of in vivo testing employed by NCI have evolved 
significantly. 

2.1. Murine Tumor Screens, 1955-1975 
In 1955, NCI initiated a large-scale in vivo anticancer drug screening program 
utilizing three murine tumor models: sarcoma 180, L1210 leukemia, and carcinoma 
755. By 1960, in vivo drug screening was performed in L1210 and in two additional 
rodent models selected from a battery of 21 possible models. In 1965, screening was 
Med to the use of two rodent systems, L1210 and Walker 256 carcinosarcoma. In 
1968, synthetic agents were screened in L1210 alone, whereas natural product testing 
was conducted in both L1210 and P388 leukemias. A special testing step was added to 
the screen m 1972 to evaluate active compounds against B16 melanoma and Lewis 
lung carcinoma. It is noteworthy that this first 20 years of in vivo screening relied 
heavily on testing conducted in the L1210 model. 

2.2. Prescreen and Tumor Panel 1976-1986 
In late 1975, NCI initiated a new approach to drug discovery that involved pre- 
screemng of compounds in the ip-implanted murine P388 leukemia model, followed 
by evaluation of selected compounds in a panel of transplantable tumors (14) The 
tumors in the panel were chosen as representative of the major histologic types of 
cancer in the US and, for the first time in NCI history, included human solid tumors. 
The latter was made possible through the development of immunodeficient athymic 
(nu/nu) mice and transplantable human tumor xenografts in the early 1970s (15 16) 
Begmnmg in 1976, the tumor panel consisted of paired murine and human tumors of 
breast (CD8F, and MX-1), colon (colon 38 and CX-1 [the same as HT291) and lung 
(Lewis and LX-1), together with the B16 melanoma and L1210 leukemia used in 
previous screens. 

The majority of the early NCI testing conducted with the human tumors used 
small fragments growing under the renal capsule of athymic mice. The subrenal cap- 
sule (src) technique and assay were developed by Bogden and associates (17). Although 
labor-intensive, the src assay provided a rapid means of evaluating new agents against 
human tumor xenografts at a time when the testing of large numbers of compounds 
against sc xenografts seemed untenable. As experience was gained with the husbandry 
of athymic mice, longer-duration sc assays became manageable 

A ^ed evaluation of the sensitivities of individual tumor systems employed 
trom 1976-1982 revealed a wide range in sensitivity profiles as well as "yield" of 
active compounds (14). The data clearly indicated that rodent models may not be 
capable of detecting all compounds with potential activity against human malignan- 
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cies, and indicated that the best strategy for testing is to employ a combination of 
tumor systems to minimize loss of potentially useful compounds. These findings 
prompted the NCI in 1982 to develop a strategy for testing compounds that involved 
a sequential process of "progressive selection": NCI continued to use the P388 leu- 
kemia as a prescreen, but subsequent evaluation of selected agents was conducted in a 
modified tumor panel composed of "high-yield" models from the original panel (i.e., 
src-implanted MX-1 mammary carcinoma, and ip-implanted B16 melanoma and 
L1210 leukemia) and a new model, the ip-implanted M5076 sarcoma. Thereafter, 
evaluation of selected compounds would be "compound-oriented" and use protocols 
and models, selected on the basis of prior testing results and known properties of each 
compound, that would present the compound with increased biological and pharma- 
cological challenge. 

Alternate approaches to in vivo drug evaluation have been prompted by investiga- 
tions on the metastatic heterogeneity of tumor cell populations. During the 1980s, 
several investigators associated with NCI conducted studies to assess the metastatic 
potential of selected murine and human tumor cell lines (B16, A-375, LOX-IMVI 
melanomas, and PC-3 prostate adenocarcinoma) and their suitability for experimen- 
tal drug evaluation (e.g., 18-21). A series of investigations by Fidler and associates 
demonstrated that metastasis is not random, but selective and that metastasis consists 
of a progression of sequential steps, the pattern of which is dependent on injection 
site (22,25). Such findings support the importance of establishing in vivo models 
derived from the implantation of tumor material in host tissues that are anatomically 
correct— "seed" and "soil" compatibility. Such "orthotopic" models also have been 
developed and utilized to study lung cancer (e.g., 24), breast cancer (e.g., 25), and 
prostate cancer (26). Although it may not be possible for NCI to employ these models 
in the initial steps of in vivo drug evaluations, such models may be well suited for 
subsequent, more detailed evaluation of compounds that exhibit activity against 
specific tumor types. Metastases and orthotopic models are discussed in greater detail 
in Chapters 7 and 8 of this volume. 

2.3. Human Tumor Colony Formation Assay, 1981-1985 

Based on initial reports by Salmon and colleagues (27,28), various clinical invest- 
igators working with fresh human tumor samples from patients and/or with early 
passage human tumor xenograft materials utilized various culture techniques to iden- 
tify chemotherapeutic agents active against human malignancies (e.g., 29,30). The 
NCI sponsored a pilot drug screening project utilizing a human tumor colony-form- 
ing assay (HTCFA) at multiple clinical cancer centers. Although it was possible to 
identify unique antitumor drug "leads" using such a technique, the HTCFA could be 
employed only for a limited number of tumor types and was not found suitable for 
large-scale drug screening (57). 

2.4. Human Tumor Cell Line Screen, 1985-Present 

In 1985, the NCI initiated a new project to assess the feasibility of employing 
human tumor cell lines for large-scale drug screening (12; also see Chapter 2 of this 
volume). Cfefl lines derived from seven cancer types (brain, colon, leukemia, lung, mel- 
anoma, ovarian, and renal) were acquired from a wide range of sources, cryopre- 
served, and subjected to a battery of in vitro and in vivo characterizations, including 
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testing in drug sensitivity assays. The approach was deemed suitable for large-scale 
drug screening in 1990 (1). With the implementation of a 60-meraber cell line in vitro 
screen, in vivo testing procedures were substantially altered as discussed below. 

3. HUMAN TUMOR XENOGRAFT MODELS IN CURRENT USE 

The new in vitro human tumor cell line screen shifted the NCI screening strategy 
from "compound-oriented" to "disease-oriented" drug discovery {12). Compounds 
of interest identified by the screen (e.g., those demonstrating disease-specific dif- 
ferential cytotoxicity) were to be considered "leads," requiring further preclinical 
evaluation to determine their therapeutic potential. As part of this followup testing, 
the antitumor efficacy of the compounds was to be evaluated in in vivo tumor models 
derived from the in vitro tumor lines used in the screen. Although only a subset of cell 
lines, selected on the basis of in vitro sensitivity, would be used for each agent, it was 
anticipated that for any selected compound, any cell line might be required as a xeno- 
graft model. In order to accomplish such an objective, a concerted developmental 
effort was required to establish a battery of human tumor xenograft models. As 
discussed below and elsewhere (32), tumorigenicity was demonstrated for the majority 
of the tumor lines utilized in the in vitro screen that became fully operational in April 
1990 (i). Then, in 1993, composition of the cell line screen was modified: cell fines 
with variable growth characteristics and those providing redundant information were 
replaced by groups of prostate and breast tumor lines. As a consequence, additional 
xenograft model development was initiated for prostate and breast cancers. 

3.1. Development of Human Tumor Xenografts 
Efforts focused on the establishment of sc xenografts from human tumor cell- 
culture fines obtained from the NCI tumor repository at Frederick, MD. The approach 
is outlined in Fig. 1 . The cryopreserved cell lines were thawed, cultured in RPMI 1640 
medium supplemented with 10% heat-inactivated fetal bovine serum (HyClone), and 
expanded until the population was sufficient to yield 2 10* cells. Cells were har- 
vested and then implanted sc into the axillary region of 10 athymic NCr nu/nu mice 
(1.0 x 10 7 cells/0.5 mL/mouse) obtained from the NCI animal program, Frederick, 
MD. Mice were housed in sterile, polycarbonate, filter-capped Microisolator™ cages 
(Lab. Products, Inc.), maintained in a barrier facility on 12-h fight/dark cycles, and 
provided with sterilized food and water ad libitum. The implanted animals were 
observed twice weekly for tumor appearance. Growth of the solid tumors was moni- 
tored using in situ caliper measurements to determine tumor mass. Weights (mg) were 
calculated from measurements (mm) of two perpendicular dimensions Gength and 
width) using the formula for a prolate ellipsoid and assuming a specific gravity of 
1.0 g/cm'- (33). Fragments of these tumors were subjected to histological, cytochemi- 
cal, and uhrastructural examination to monitor the characteristics of the in vivo 
material and to compare them with those of the in vitro lines and, where possible, 
with those reported for initial patient rumors (34). Both in vitro and in vivo tumor 
materials exhibited characteristics consistent with tissue type and tumor of origin. 
However, not unexpectedly, differences in the degree of differentiation were noted 
between some of the cultured cell fines and corresponding xenograft materials. 

The initial solid tumors established in mice were maintained by serial passage of 
30-40 mg tumor fragments implanted sc near the axilla. There was an apparent cell 
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Fig. 1. Schematic of the development of in vivo models for drug evaluation. 



population selection occurring in some of the tumors as they adapted to growth in 
animals during early in vivo passage, with growth rates increasing appreciably in 
sequential passages (32). Thus, xenografts were not utilized for drug evaluation until 
the volume-doubling time stabilized, usually around the fourth or fifth passage. The 
doubling time of xenografts derived from tumor cell lines constituting both the initial 
(1990) and the modified (1993) human tumor cell line screens, plus three additional 
breast tumors, are presented in Table I. Also provided in the table is information on 
the take-rate of the tumors, and the experience of the NCI in the use of the tumors as 
early stage sc models. The doubling times were determined from vehicle-treated con- 
trol mice used in drug evaluation experiments (only data for passage numbers 4-20 
have been included). For each experiment, the doubling time is the median of the time 
interval for individual tumors to increase in size from 200-400 mg (usually a period of 
exponential growth). Both ranges and mean values are provided to demonstrate the 
inherent variability of growth for some of the xenograft materials even after a period 
of stabilization. Mean doubling times range from < 2 d for five tumors (SF-295 glio- 
blastoma, MOLT 4 leukemia, DMS 273 small-cell lung tumor, and LOX-IMVI and 
SK-MEL-28 melanomas) to > 10 d for the MALME-3M and M19-MEL melanomas. 

Difficulty was experienced in establishing and/or using some of the sc models. For 
example, even though HOP-62 nonsmall-cell lung tumors exhibited good growth 
rates, poor take-rates of 70, 50, 64, and 30% attained in the second through fifth pas- 
sages, respectively, precluded their use for experimental drug testing. Although serial 
passage of OVCAR-3 ovarian tumors from sc-implanted fragments was difficult, 
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Table 1 

Growth Characteristics of sc-Implanted Human Tumor Xenografts 



bi vitro panel Mean volume Opinion for use 

Tumor status doubling time Take as early-stage 

Origin Line 1990 1993 (range) in days' Rate b sc model 



CXX/ JC1A 


Yes 


Yes 


2.4(1.7-3.9) 


Good 


Good 


ruVXIZ 


Yes 


Yes 


2.4(1.9-3.3) 


Good 


Good 


HCT-116 


Yes 


Yes 


2.6(1.8-3.4) 


Good 


Good 


HCT-15 


Yes 


Yes 


3.4(1.8-5.0) 


Good 


Good 


HCC-2998 


Yes 


Yes 


3.5(2.4-7.7) 


Good 


Acceptable 


DLD-1 


Yes 


No 


3.8(3.1-5.5) 


Good 


Acceptable 


KM20L2 


Yes 


No 


3.9(2.5-5.4) 


Good 


Acceptable 


COLO 205 


Yes 


Yes 


43(2.4-8.9) 


Good 


Acceptable 


HT29 


Yes 


Yes 


5.1(2.4-7.6) 


Good 


Acceptable 


SF-295 


Yes 


Yes 


1.4(1.0.2.0) 


Good 


Good 


SNB-75 


Yes 


Yes 


3.1(2.0-4.6) 


Good 


Good 


U251 


Yes 


Yes 


43(2.4-8.9) 


Good 


Good 


XF498 


Yes 


No 


4.4(2.6-8.3) 


60-70% 


Not Acceptable 


SNB-19 


Yes 


Yes 


6.9(3.1-4.4) 


60-70% 


Not Acceptable 


SF-539 


Yes 


Yes 


8.4(one only) 


^70% 


Not Acceptable 


SF-268 


Yes 


Yes 


NA* 


Minimal growth NA 


SNB-78 


Yes 


No 


NA 


No Growth 


NA 



Leukemia 


MOLT-4 


Yes 


Yes 




HL-60(TB)» 


Yes 


Yes 




CCRF-CEM 


Yes 


Yes 




SR. 


Yes 


Yes 




RPMI-8226 


Yes 


Yes 




K-562 


Yes 


Yes 


Lung: 


NCI-H460 


Yes 


Yes 


non-small 


NCI-H522 


Yes 


Yes 


cell 


HOP-62 


Yes 


Yes 




NCI-H23 


Yes 


Yes 




NCI-H322M 


Yes 


Yes 




EKVX 


Yes 


Yes 




HOP-92 


Yes 


Yes 




A549/ATCC 


Yes 


Yes 




HOP- 18 


Yes 


No 




NCI-H266 


Yes 


Yes 



1.2(2.0-5.6) 


80-100% 


Acceptable 


33(2.1-4.9^p) 


85-lOO%0p) Good(ip) 


4.6(4.3-4.6) 


60-80% 


Acceptable 


5.1 (one only) 


80% 


Not Acceptable 


NA 


Minimal growth NA 


NA 


Minimal growth NA 


2.1(13-3.0) 


Good 


Good 


23(1.0-3.4) 


Good 


Good 


3.6(3.3-3.8) 


30-65% 


Not Acceptable 


3.7(2.0-6.4) 


Good 


Good 


4.0(2.7-5.9) 


Good 


Acceptable 


5.5(3 .5-7.9) 


Good 


Acceptable 


6.0(5.1-8.4) 


Good 


Accepable 


8.4(5.8-10.9) 


70-80% 


Not Acceptable 


NA 


Minimal growth NA 


NA 


Minimal growth NA 



tumors grew more readily from sc implants of brei derived from ip-passaged material. 
The HL-60 (TB) promyelocyte leukemia did not grow well sc, but an ascitic ip line 
with a good take-rate was established successfully (Table 1). Growth characteristics of 
sc-implanted RXF 393 renal tumors are perhaps better suited for evaluation of a 
survival end point than for measurements of tumor size. Although demonstrating 
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Table 1 (Continued) 






bt vitro panel 


ivxcaa vol urn e 




Upimon tor use 


_ 

-tumor 




status 


doubling time 


lake 


as early-stage 


Origin 


Line 


1990 


1993 


(range) in days 


Rate 


sc model 


Lung: 


DMS273 


Yes 


No 


1.7(1.6-2.1) 


Good 


Good 


small cell 


DMS114 


Yes 


No 


4.8(2.8-7.5) 


75-90% 


Acceptable 


Mammary 


2R-75-1 


No 


No 


1.8(1J-L9) 


Good 


Good 




MX-1 


No 


No 


2.7(2.2-3.0) 


Good 


Good 




UISO-BCA-1 


No 


No 


4.1(2.8-4.8) 


Good 


Acceptable 




MDAMB- 


No 


Yes 


4.4(2.7-7.7) 


Good 


Acceptable 




231/ATCC 












MCF7* 


No 


Yes 


4 5(2.2-8 (ft 


Good 


Acceptable 




MCF7/ADR- 


No 


Yes 


6.1(4.2-7.9) 


Good 


Acceptable 




RES 












MDA-MB- 


No 


Yes 


6.6(2.8.13.6) 


Good 


Acceptable 




435 












MDA-N 


No 


Yes 


7.9(4.5-10.2) 


Good 


Acceptable 




HS578T 


No 


Yes 


NA 


Minimal growth NA 




BT-549 


No 


Yes 


NA 


No growth 


NA 




T-47D 


No 


Yes 


NA 


No growth 


NA 


Melanoma 


LOX-IMVI 


Yes 


Yes 


1.5(1.1-2.1) 


Good 


Good 




SK-MEL-28 


Yes 


Yes 


1.9(1.1-2.5) 


Good 


Good 




UACC-62 


Yes 


Yes 


2.8(1.8-4.2) 


70-80% 


Not Acceptable 




UACC-257 


Yes 


Yes 


5.4(3.8-7.7) 


Good 


Acceptable 




SK-MEL-2 


Yes 


Yes 


5.7(4.8-6.6) 


80-90% 


Not Acceptable 




ml 4 


Yes 


Yes 


6.7(2.5-12.7) 


Good 


Acceptable 






Yes 


Yes 




Good 


Acceptable 




MALME-3M 


Yes 


Yes 


11.2(7 1-16 9^ 


80-90% 


Not Acceptable 




M19-MEL 


Yes 


No 


12.3(8.7-16.8) 


60-90% 


Not Acceptable 


Ovarian 


OVCAR-5 


Yes 


Yes 


33(2.2-43) 


Good 


Good 




SK-OV-3 


Yes 


Yes 


3.4(2.6-4.9) 


Good 


Good 




OVCAR-3' 


Yes 


Yes 


5.5(5.0-5.9) 


Good 


Acceptable 




OVCAR-4 


Yes 


Yes 


6.2(one only) 


70-100% 


Acceptable 




IGR0V1 


Yes 


Yes 


6.4(5.3-8.6) 


Good 


Acceptable 




OVCAR-8 


Yes 


Yes 


12.2(11.2-13.0) 


70% 


Not Acceptable 



(continued) 



good initial growth, the RXF 393 tumors cause death in mice with low tumor burden, 
probably owing to paraneoplastic mechanisms. Other cell lines failed to become func- 
tional in vivo tumors, including two CNS, two nonsmall-cell lung, three breast, three 
renal tumor lines, and two leukemias, although minimal in vivo growth was observed 
with 9 of these 12 cultured lines (Table 1). With more extensive studies, it might be 
possible to attain improved tumor take-rates and growth by implanting tumors in 
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Table 1 (Continued) 



In vitro panel Mean volume Opinion for use 

Tumor status doubling time Take as early-stage 

Origin Line 1990 1993 (range) in days* Rate* sc model 



Prostate 



Renal 



PC-3 


No 


Yes 


2.4(1.5-35) 


Good 


Good 


DU-145 


No 


Yes 


4.4(2.0-7.9) 


Good 


Acceptable 


CAKI-1 


Yes 


Yes 


2.1(13-2.5) 


Good 


Good 


RXF631 


Yes 


No 


33(1.5-6.8) 


Good 


Acceptable 


A498 


Yes 


Yes 


3.4(2.2-4.3) 


Good 


Acceptable 


RXF393 


Yes 


Yes 


3.4(23-5.7) 


Good 


Good 


SN12C 


Yes 


Yes 


5.6(3 2-1 1.4) 


Good 


Acceptable 


786-0 


Yes 


Yes 


6.7(one only) 


80% Not Acceptable 


ACHN 


Yes 


Yes 


NA 


Minimal growth 


NA 


UO-31 


Yes 


Yes 


NA 


Minimal growth 


NA 


TK-10 


Yes 


Yes 


NA* 


No growth 


NA 



"Time for tumors to increase in size from 200-400 mg. Data axe compiled from experiments using 
passage numbers 4-20. Tumors are listed in order of increasing mean doubling time/histologic type 
"Good: reproducible take-rate of 2: 90%. 
C NA: not applicable. 
''Based on ip implant of 1 .0 X 10' cells. 

'MCF7 growth in athymic NCr nu/nu mice requires 170-estradiol supplementation. 
•'Limited sc data obtained from implant of 0.5 mL 25% brei derived from ip-passaged tumor: 
poor growth is attained with serial passage of fragments from sc tumors. 



severe combined immunodeficient (SCH>) mice (scid/scid) (35). As discussed below, 
tumor take for some human lymphoma lines was markedly superior in SCID mice 
compared to athymic (nu/nu) (36) or triple-deficient BNX (bg/nu/xid) mice (37). 

Establishment of breast tumor xenografts in vivo raised issues concerning hor- 
monal requirements for growth of these tumors. For example, the importance of 
hormones in the growth of MCF7 breast carcinoma cells as solid tumors in athymic 
mice has been described (38). Our experience with this tumor also has shown the 
importance of 17 ^-estradiol supplementation for the growth of the sc-implanted 
MCF7; 60-d release, 17 0-estractiol pellets (Innovative Research of America) are 
implanted sc in athymic mice 24 h prior to implanting MCF7 fragments in all NCI 
studies with this tumor. Growth of the remaining breast tumor xenografts appeared 
to be independent of estradiol supplements. For example, growth curves of individual 
early passage ZR-75-1 tumors implanted into athymic mice receiving either estradiol 
or no estradiol supplements completely overlapped (Fig. 2A), even though in this 
early passaged material, there was a large variation in the time postimplant for growth 
of individual tumors to be observed. The independence of ZR-75-1 tumor growth 
from estradiol supplements is further illustrated in Fig. 2B. Early stage vehicle-treated 
control tumors in mice receiving no estradiol supplementation demonstrate rapid 
growth (median doubling time 1.9 d) soon after implantation. The estrogen receptor 
(ER) status of the in vivo passaged ZR-75-1 tumors has not been detennined, but the 
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Fig. 2 Growth comparison of individual ZR-75-1 human breast tumor xenografts with and without 
estradiol supplementation. A. Passage number 5, - with 1.7 mg sc 170-estradiol pellet implants; 
—without estradiol supplementation. B. Passage number 14, without estradiol supplementation. 

growth characteristics of the tumors suggest an ER - status even though early evalua- 
tions of the in vitro cell line indicated an ER+ status (39). 

The in vivo growth characteristics of the xenografts determine their suitability for 
use in the evaluation of test agent antitumor activity, particularly when the xenografts 
are utilized as early stage sc models. For the purposes of the current discussion, the 
latter model is defined as one in which tumors are staged to 63-200 mg prior to the 
initiation of treatment. Our experience with the suitability of the xenografts as early 
stage models is listed in Table 1 . Growth characteristics considered in rating tumors 
include take-rate, time to reach 200 mg, doubling time, and susceptibility to spontan- 
eous regression. As can be noted, the faster-growing tumors tend to receive the higher 
ratings. 

Since non-Hodgkin's lymphoma is one of the two principal malignancies occurring 
in the growing population of HIV-infected persons (40), the Developmental Thera- 
peutics Program (DTP) has also established a group of human lymphoma xenografts 
for evaluating potential chemotherapeutic agents (41). This includes AS283, an Epstein- 
Barr virus (EBV>positive, HIV-negative Burkitt's lymphoma derived from an AIDS 
patient (42); KD488, an EBV-negative, pediatric Burkitt's lymphoma (43*46); and 
RL, a diffuse, small noncleaved B-cell lymphoma (47). These lines grow sc with take- 
rates in excess of 90% in SCID mire, whereas much lower take-rates occur in athymic 
or triple-deficient BNX mice. Our finding of greater take-rates for the human leu- 
kemias/lymphomas in SCID mice compared to athymic mice is consistent with the 
known capacity of SCID mice to support xenografts of normal human hematopoietic 
cells (48). 

3.2. Advanced-Stage sc Xenograft Models 
Advanced-stage sc-implanted tumor xenograft models were established originally 
for use in evaluating the antitumor activity of test agents, so that clinically relevant 
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parameters of activity could be determined, i.e., partial and complete regressions, 
durations of remission (49-51). Tumor growth is monitored, and test agent treatment 
is initiated when tumors reach a weight range of KXMOO mg (staging day, median 
weights approx 200 mg), although depending on the xenograft, tumors may be staged 
at larger sizes. Tumor size and body weights are obtained approximately 2 times/wk 
and entered into OTP's DEC 10,000 Model 720 AXP computer. Through software 
programs developed by staff of the Information Technology Branch of DTP, in par- 
ticular by David Segal and Penny Svetlik, data are stored, various parameters of ef- 
fect are calculated, and data are presented in both graphic and tabular formats. 
Parameters of toxicity and antitumor activity are defined as follows: 

1 . Parameters of toxicity: Both drug-related deaths (DRDs) and maximum percent relative 
mean net body weight losses are determined. A treated animal's death is presumed to be 
treatment-related if the animal dies within 15 d of the last treatment, and either its 
tumor weight is less than the lethal burden in the control mice, or its net body weight 
loss at death is 20% greater than the mean net weight change of the controls at death or 
sacrifice. A DRD also may be designated by the investigator. The mean net body weight 
of each group of mice on each observation day is compared to the mean net body weight 
on staging day. Any weight loss that occurs is calculated as a percent of the staging day 
weight. These calculations also are made for the control mice, since tumor growth of 
some xenografts has an adverse effect on the weight of the mice. 

2. Optimal % T/C: Changes in tumor weight (A weights) for each treated (T) and control 
(Q group are calculated for each day tumors are measured by subtracting the median 
tumor weight on the day of first treatment (staging day) from the median tumor weight 
on the specified observation day. These values are used to calculate a percent T/C as 
follows: 

%T/C = (AT/AQx 100 where AT > Oor 

= (AT/Ti)A-100whereAT<0 (1) 

and Ti is the median tumor weight at the start of treatment. The optimum (minimum) 
value obtained after the end of the first course of treatment is used to quantitate anti- 
tumor activity. 

3. Tumor growth delay: This is expressed as a percentage by which the treated group 
weight is delayed in attaining a specified number of doublings (from its staging day 
weight) compared to controls using the formula: 

KT-Q/QxlOO (2) 

where T and C are the median times in days for treated and control groups, respec- 
tively, to attain the specified size (excluding tumor-free mice and DRDs). The growth 
delay is expressed as percentage of control to take into account the growth rate of the 
tumor since a growth delay based on T - C alone varies in significance with differences 
in tumor growth rates. 

4. Net log cell kill: An estimate of the number of log lo units of cells killed at the end of 
treatment is calculated as: 

{ l(T - Q - duration of treatment] x 0.301 / median doubling time} (3) 

where the doubling time is the time required for tumors to increase in size from 200-400 
mg, 0.301 is the Iog, 0 of 2, and T and C are the median times in days for treated and 
control tumors to achieve the specified number of doublings. If the duration of treat- 
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ment is 0, then it can be seen from the formulae for net log cell kill and percent growth 
delay that log cell kill is proportional to percent growth delay. A log cell kill of 0 in- 
dicates that the cell population at the end of treatment is the same as it was at the start 
of treatment. A log cell kill + 6 indicates a 99.9999% reduction in the cell population. 
5. Tumor regression: The importance of tumor regression in animal models as an end 
point of clinical relevance has been propounded by several investigators (49-51). 
Regressions are defined as partial if the tumor weight decreases to 50% or less of the 
tumor weight at the start of treatment without dropping bdow 63 mg (5X5 mm tumor). 
Both complete regressions (CRs) and tumor-free survivors are defined by instances in 
which the tumor burden falls bdow measurable limits (<63 mg) during the experimental 
period. The two parameters differ by the observation of either tumor regrowth (CR) or 
no regrowth (tumor-free) prior to the final observation day. Although one can measure 
smaller tumors, the accuracy of measuring a sc tumor smaller than 4 x 4 or 5 x 5 mm 
(32 and 63 mg, respectively) is questionable. Also, once a relatively large tumor has re- 
gressed to 63 mg, the composition of the remaining mass may be only fibrous 
material/scar tissue. Measurement of tumor regrowth following cessation of treatment 
provides a more reliable indication of whether or not tumor cells survived treatment. 

Most xenografts that grow sc are amenable to use as an advanced-stage model, 
although for some tumors, the duration of the study may be limited by tumor necro- 
sis. As mentioned previously, this model enables the investigator to measure clinically 
relevant parameters of antitumor activity and provides a wealth of data on the effects 
of the test agent on tumor growth. Also, by staging day, the investigator is ensured 
that angiogenesis has occurred in the area of the tumor, and staging enables no-takes 
to be eliminated from the experiment. However, the model can be costly in terms of 
time and mice. For the slower-growing tumors, the passage time required before suf- 
ficient mice can be implanted with tumors may be at least 3-4 wk, and an additional 
2-3 wk may be required before the tumors can be staged. In order to stage tumors, 
more mice than needed for actual drug testing must be implanted, often 509b, and 
sometimes 100% more. 

3.3. Early Treatment and Early Stage sc Xenograft Models 

Early treatment and early stage sc models are similar to the advanced-stage model, 
but because treatment is initiated earlier in the development of the tumor, the models 
are not suitable for tumors that have less than a 90% take-rate or have a > 10% 
spontaneous regression rate. We define the early treatment model as one in which 
treatment is initiated before tumors are measurable, i.e. , < 63 mg, and the early stage 
model as one in which treatment is initiated when tumor size ranges from 63-200 
mg. The 63-mg size is used as an indication that the original implant of approx 30 mg 
has demonstrated some growth. Parameters of toxicity are the same as those for the 
advanced-stage model; parameters of antitumor activity are similar. Percent T/C 
values are calculated directly from the median tumor weights on each observation day 
instead of as changes (A) in tumor weights, and growth delays are based on the time in 
days after implant for the tumors to reach a specified size, e.g., 500 or 1000 mg. 
Tumor-free mice are recorded, but may be designated no-takes or spontaneous re- 
gressions if the vehicle-treated control group contains more than 10% mice with 
similar growth characteristics. A no-take is a tumor that fails to become established 
and grow progressively. A spontaneous regression (graft failure) is a tumor that, after 



112 



Part II / In Vivo Methods 



a period of growth, decreases to 50% or less of its maximum size. Tumor regressions 
are not normally recorded, since they are not always a good indicator of antineo- 
plastic effects in the early stage model. For those experiments in which treatment is 
initiated when tumors are 100 mg or less, only a minimal reduction in tumor size may 
bring the tumor below the measurable limit, and for some small tumors early in their 
growth, reductions in tumor size may reflect erractic growth rather than a true reflec- 
tion of a cell killing effect. Hie big advantage of the early treatment model is the 
ability to use all implanted mice. The latter is the reason for requiring a good tumor 
take-rate, and in practice, the tumors most suitable for this model tend to be the 
faster-growing ones. 

3.4. Challenge Survival Models 
Although not utilized to a significant degree in the current NCI program, a few 
studies are conducted that depend on determining the effect of human tumor growth 
on the life-span of the host. Three tumors have been used as ip-implanted models: the 
HL-60 (TB) promyelocyte leukemia, the LOX-IMVI melanoma, and the OVCAR-3 
ovarian carcinoma. Also, the SF-295 and U251 glioblastomas have been implanted 
intracerebrally. All mice dying or sacrificed owing to a moribund state or extensive 
ascites prior to the final observation day are used to calculate median days of death 
for treated (T) and control (Q groups. These values are thai used to calculate a per- 
cent increase in life-span as follows: 

%ILS = [(T - Q/Q x 100 (4) 

Wherever possible, titration groups are included to establish a tumor doubling time 
for use in logio cell kill calculations. Laboratory personnel may designate a death (or 
sacrifice) as drug-related based on visual observations and/or the results of necropsy. 
Otherwise, treated animal deaths are designated as treatment-related if the day of 
death precedes the mean day of death of the controls minus 2 SD or if the animal dies 
without evidence of tumor within 15 d of the last treatment. 

3.5. Response of Xenograft Models to Standard Agents 
The drug sensitivity profiles for the advanced-stage sc xenograft models in our pro- 
gram have been established using 12 clinical antitumor drugs (Table 2). Each of these 
agents, obtained from the Drug Synthesis and Chemistry Branch, DTP, were evalu- 
ated following ip administration at multiple dose levels. The activity ratings are based 
on the optimal effects attained with the maximally tolerated dose (< LD 20 ) of each 
drug for the treatment schedule shown. The latter were selected on the basis of the 
doubling time of a given tumor, with longer intervals between treatments for slower- 
growing tumors. Apparent inconsistencies between the doubling times shown in Table 
1 and selected schedules in Table 2 are the result of increased tumor growth rates for 
some tumors in the later studies depicted in Table 1 . In later chemotherapeutic trials 
with breast tumors, paclitaxel was included in the group of clinical drugs evaluated, 
and drug characteristics were considered to some extent in the selection of treatment 
regimens (Table 3). 

With the caveat that no attempts were made to optimize drug administration in 
each model, it can be seen that at least minimal antitumor effects (VoT/C < 40) were 
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Table 2 

Response of Staged sc-lmplanted Human Tumor 
Xenografts to 12 Clinical Anticancer Drugs* 



_ P . Mitotic 

Treatment AJfrtfltaffl ABCTtl DNABm*TT? Antimetabolite Inhibitor 

Tumor Schedule L*AM CYT DTK BCNU UMC DOR AdD ADR BLEO IfEC JFU VBL 



Colon: 



SW-620 


q7dx3 


1 


0 


4 


3 


4 


1 


0 


0 


! 


0 


0 


0 


KM 12 


q4dbt3 


MA 


HA 


0 


1 


NA 


0 


0 


NA 


1 


0~ 


0 


0 


HCT-1 16 


q4dx3 


HA 


q 


o 


A 

V 


• 


0 


] 


NA 


1 


0 


0 


0 


HCT-15 


q74r3 


I 


0 


n 


ft 
U 


I 


0 


1 


0 


0 


0 


0 


0 


HCC-299S 


q4dx3 


o 


0 


o 


0 


4 


0 


A 


A 
V 


1 


0 


0 


0 


KM20L2 


q4dx3 


0 




o 


0 


I 


1 


0 


A 
U 


A 

0 


0 


1 


0 


COLO 320DM 


q4Ac3 


o 


o 


3 


0 


o 


NA 


0 


A 
IP 


A 


0 


I 


0 


COLO 205 


o4dx3 


1 


0 


0 


0 


3 


1 


1 


0 


0 


0 


1 


1 


HT29 


q44x3 


0 


0 


0 


0 


2 


2 


0 


0 


1 


0 


0 


0 


CNS: . 




























SF-295 


q4dx3 


o 


J 


0 


1 
1 


A 

u 


1 


0 . 


0 


0 


0 


0 


4 


U251 


q4dx3 


0 


2 


4 


4 


3 


3 


1 


0 


0 


0 


0 


1 


XF498 


q7dbc3 


0 


0 


4 


3 


1 


1 


0 . 


I 


0 


0 


0 


0 


PVJT3 1A 


q4dx3 


I 


2 


3 


NA 


3 


NA 


0 


NA 


NA 


0 


0 


1 


tnlT TIIIIBi 




























MOLT-4 


q4dx3 




t 


0 


0 


1 


1 


0 


1 


t 


1 


0 


0 






























cell: 






























q4dbc3 


ft A 


rt 

V 


NA 


NA 


4 


NA 


0 


0 


1 


NA 


0 


0 


NCI-H522 


q4dx3 


1 


0 


0 


NA 


22 


1 


NA 


1 


NA 


NA 


0 


NA 


HOP-62 


q4<fac3 


2 


NA 


NA 


NA 


1 


1 


0 


0 


1 


0 


0 


Lung, non-small 




























cell: 




























NCI-H23 


q4dx3 


3 


1 


0 


0 


4 


4 


1 


1 


I 


1 


1 
1 


0 


NCI-H322M 


q7dx3 


0 


0 


0 


0 


4 




0 


0 


0 


0 


0 


EKVX 


q4dx3 


1 


1 




0 


1 


0 


0 


0 


1 


0 


0 




HOP-92 


q4dx3 


1 


0 




2 


0 


1 


0 


1 


0 


0 


0 


1 


Lung, small oell: 




























DMS273 


qdx4 


1 


1 




0 




0 


1 


0 


1 




! 


2 


DM5 114 


q4dx3 


0 


1 




1 


1 


0 


0 


0 


0 


0 


0 


1 


NCJ-H69 


q4dx3 


4 


1 




4 


2 


NA 


0 


NA 


0 


0 


1 


0 


Melanoma: 




























LOX-IMVI 


qdx5 


1 


2 




2 


2 


I 


0 


NA 


0 


NA 


0 


2 


SK-MEL-28 


q4dx3 


0 


1 




0 


1 


0 


0 


0 


0 


0 


0 


0 


UACC-o*2 


q7dx3 


0 


0 




1 


I 


1 




1 


1 


0 


0 


1 


SK-MEL-31 


q44x3 


0 


0 




NA 


1 


1 


1 


0 


NA 


0 


0 


NA 


UACC-257 


q7<U3 


0 


0 




1 


2 


1 


1 


1 


0 


0 


1 


0 


SK-MEL-2 


q7dx3 


1 


0 




0 


1 


1 


1 


0 


1 


0 


1 
1 


2 


MU 


q4dx3 


0 


0 




0 


0 


0 


0 




1 


0 


0 


MALME-3M 


q4dx3 


1 


0 




1 


! 


1 


1 


0 


1 


0 


0 


0 


Ovarian: 




























SK-OV-3 


q7dx3 


0 


0 


NA 


NA 


1 


0 


0 


0 


1 


0 


0 


0 


IGROVl 


q4dx3 


1 


0 


0 


0 


1 


1 


1 


0 


1 


1 


1 


0 


OVCAR-8 


q7dx3 


0 


0 


0 


0 


1 


1 


0 


I 


0 


0 


0 


0 



(continued) 

produced in each tumor model by at least 2, and as many as 10, clinical drugs (Table 
4). The number of responses appeared to be independent of doubling time and histo- 
logical type with a range in the number of responses observed for tumors in each sub- 
panel. When the responses are considered in terms of the more clinically relevant end 
points of partial or complete tumor regression, it can be seen that the tumor models 
were quite refractory to standard drug therapy with 30 of 48 (62.5%) not responding 
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Table 2 (Continued) 



Tumor 


IP 

Treatment 
Schedule 




_ AIfcv!atin« A«^f, 






DNA Binds 




Antim*faKilif^« 


Mitotic 
Inhibitor 
VBL 


L-fAM 


CYT 


DTIC 


BCNU MMC 


DOFl 


Acid 


ADR 


BLEO 


MTX 


JFU 


Ptosute: 




























PC-3 


qdbc4 


I 


0 


1 


0 


0 


0 


0 


0 


1 


1 


0 


a 


DU-145 


q4dx3 


MA 


1 


NA 


NA 


NA 


I 


0 


NA 


NA 


1 


0 


0 


Renal: 




























CAKI-1 


q7dx3 


1 


1 


0 


0 


1 


1 


I 


1 


0 


0 


! 


0 


SN12K1 


q7dx3 


0 


0 


0 


0 


4 


0 


0 


0 


0 


0 


0 


I 


A498 


q7dx3 


0 


0 


I 


1 


1 


1 


0 


1 


t 


0 


0 


0 


RXF393 


q4*c3 


1 


I 


i 


1 


2 


i 


0 


t 


1 


0 


0 


1 


SNI2C 


q7dxj 


0 


0 


0 


I 


0 


0 


0 


0 


I 


0 


0 


0 


786-0 


q7dx3 


0 


HA 


NA 


NA 


1 


i 


0 


NA 


NA 


0 


NA 


NA 



"Standard agents are merphalan (L-PAM), Cytoxan (CYT), dacarbazine (DTIC), 1, 3-bis 
(2-chloroethyl> 1 -nitrosourea (BCNU), mitomycin C (MMQ, cisplatin (DDPt), actinomycin D (act 
D), doxorubicin (ADR), bleomycin (BLEO), methotrexate (MTX), 5-fluorouracil (5FU). vinblastine 
(VBL). 

b Activity rating based on optimal VoA T/A C attained after treatment had ended: 

0 = Inactive, VoT/C > 40. 

1 = Tumor inhibition, VoT/C range 1-40. 

2 = Tumor stasis, 9bT/C range 0 to - 49. 

3 = Tumor regression, VtT/C range - 50 to - 100. 

4 = %T/C range - 50 to - 100 and > 30% tumor-free mice at experiment end. 

Table 3 

Response of Staged sc-Implaated Breast Tumor 
Xenografts to 13 Clinical Anticancer Drugs" 



AftYhtiim Agcn y PNA Binder Antimetabolite? Mitotic Inhibitor 

WAM CTT OTIC BCNU MMC DDPt ActD ADR BLEO MTX 5-FU VBL fAC 



ZR-75-1 


1* 


1 


4 


1 


1 


1 


1 


3 


1 


0 


0 


1 


NA 


MX-1 


4 


4 


0 


1 


4 


4 


0 


2 


1 


1 


0 


0 


4 


UISO-BCA-1 


0 


0 


I 


0 


NA 


0 


0 


0 


0 


NA 


0 


0 


3 


MCF7 


1 


0 


1 


i 


1 


0 


0 


0 


1 


0 


NA 


0 


0 


MDA-MB-435 


1 


0 


4 


3 


NA 


0 


NA 


0 


1 


NA 


0 


1 


4 


MDA-N 


0 


0 


4 


0 


0 


0 


1 


1 


0 


0 


NA 


0 


3 



"Clinical drugs include those listed in Table 2, phis paclitaxel (PAC). Treatment regimens were ip 
qd x 5 for MTX and 5FU, ip q4d x 3 for L-PAM, CYT, DTIC, BCNU, MMC, DDPt, Act D, BLEO, 
and VBL, iv q4d x 3 for ADR, and iv qd x 5 for PAC. 

b Activity rating: see legend to Table 2. 

to any of the drugs tested (Table 4). As tested, the clinical drugs producing the highest 
response rates (number of tumors responding [VoT/C ^ - 50%]/ total tumors eval- 
uated) were DTIC (11/44) and mitomycin C (9/45) (Tables 2 and 3). Paclitaxel was 
not evaluated in the majority of tumors, but demonstrated excellent activity in four of 
five breast tumor models (Table 3). 
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Table 4 

Response of Staged sc Human Tumor Xenografts to Clinical Anticancer Drugs 



Number of drugs active*: 

Panel Tumor Minimal activity* Tumor regression* 



Colon 


SW-620 


6 


- 3 








0/8 






3/10 


0/10 








0 






2 


1 






4 


0 




LULU JZUL/iVL 


2/11 


0/11 




COLO 205 


6 


1 




HT29 


3 


0 


VINO 




4 


1 




U251 


7 


4 




XF498 


5 


2 








2/8 


Thurify 


NrT-TT4fiO 


Z/ / 


1/7 


nnn-*rm sill 




A/7 


0/7 


cell 


11VX v/iif 


j/y 


0/y 




NCI-H23 

■1 1 "i - 1 H tar r 


Q 






NCI-H322M 


3 


i 




EKVX 


6 


0 




HOP-92 


6 


l 


Lung, 


DMS 273 


8 


0 


small cell 


DMS 114 


4 


0 




NCI-H69 


6/10 


3/10 


Mammary 


ZR-75-1 


10/12 


2/12 




MX-1 


9 


5 




UISO-BCA-1 


2/11 


1/11 




MCF7 


5/12 


0/12 




MDA-MB-435 


6/10 


3/10 




MDA-N 


4/12 


2/12 



(continued) 

3.6. Strategy for Initial Compound Evaluation In Vivo 

The in vitro primary screen provides the basis for selection of the most appropriate 
lines to use for the initial followup in vivo testing, with each compound tested only 
against xenografts derived from cell lines demonstrating the greatest sensitivity to the 
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Table 4 (Continued) 



Number of drugs active* 



Panel 


Tumor 


Minimal activity 6 


Tumor regression 11 


Melanoma 


LOX-IMVI 


7/10 


0 




SK-MEL-28 


2 


0 




UACC-62 


8 


0 




SK-MEL-31 


3/9 


0/9 




UACC-257 


7 


0 




SK-MEL-2 


7 


0 




M14 


3 


0 




MALME-3M 


7 


1 


Ovarian 


SK-OV-3 


2/10 


0/10 




IGROV1 


7 


0 




OVCAR-8 


3 


0 


Prostate 


PC-3 


4 


0 




DU-145 


3/6 


0/6 


Renal 


CAKI-1 


7 


0 




SN12K1 


2 


0 




A498 


6 


0 




RXF 393 


9 


0 




SN12C 


2 


0 




786-0 


2/5 


0/5 



"Except where noted, the number of clinical drugs evaluated was 12 for the tumors listed in Table 
2, and 13 for the breast tumors listed in Table 3. 
b V* T/C ^ 40, ratings 1-4 in Tables 2 and 3. 
c % T/C ^ -50, ratings 3 and 4 in Tables 2 and 3, 



agent in vitro. Our early strategy for in vivo testing emphasized the treatment of 
animals bearing advanced-stage tumors. Examples of the in vivo data obtained with 
one such agent are summarized in Table 5. The quinocarmycin derivative DX-52-1, 
identified as a melanoma-specific agent in vitro, demonstrated statistically significant 
antitumor activity against five of seven melanoma xenografts following ip administra- 
tion on intermittent schedules (52). The best in vivo activity was observed against the 
rapidly dividing LOX-IMVI melanoma. 

The strategy for in vivo testing has undergone some modifications as experience 
has been gained with the screen and the xenograft models. Currently, dose range find- 
ing studies in nontumored mice are conducted for new compounds identified by the 
in vitro screen. Unless information is available to guide dose selection, single mice are 
treated with single ip bolus doses of 400, 200, and 100 mg/kg and observed for 14 d. 
Sequential three-dose studies are conducted as necessary, until a nonlethal dose range 
is established, after which the compound is evaluated in the ip-implanted murine 
P388 leukemia model on an ip muWdose treatment regimen. The latter provides dos- 
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Table 5 

Response of Advanced-Staged sc Human Melanoma 
Xenografts to the Quinocarmydn Derivative, DX-52-1* 



Optimal Growth 
Treatment Dose (ip, %T/C delay: Regressions 
Melanoma days mg/kg/day) b pay) c %(T-C)/C d Complete - Partial 



LOX-IMVI 


5, 9, 13 


90 


-54 


181 


2/10 


3/10 




5, 9, 13, 17 
21, 25 


60 


-100° 


389 


4/6 


0/6 


SK-MEL-2 


14, 21, 28 


90 


10(32) 


118 


2/6 


0/6 


SK-MEL-5 


15, 19, 23 


40 


49(33) 


27 


0/6 


0/6 


UACC-62 


16, 23, 30 


90 


18(34) 


185 


0/7 


0/7 


UACC-257 


16, 20, 24 


90 


12(27) 


35 


0/6 


0/6 


M14 


12, 16, 20 


90 


19(26) 


56 


0/6 


0/6 


MALME-3M 


27, 31, 35 


90 


64(72) 


4 


0/6 


0/6 



"Adapted from ref. 52. 

* Maximally tolerated dose, s LD19 and < 209b net body wt loss. 

c See Section 3.2., Step 2 for calculation of % T/C. The number in parenthesis is the day on 
which the optimal (minimum) T/C was attained. 

d See Section 3,2., Step 3 for calculation of growth delay. Based on an end point of two doublings 
(four for LOX-IMVI), 

ing information for the more costly xenograft models and data for retrospective com- 
parison with previous NCI screening . The test agent is then evaluated in three sc xeno- 
graft models using tumors that were among the most sensitive to the test agent in vitro 
and that are suitable for use as early staged models (Table 1). The compounds are 
administered ip, often as suspensions, on schedules based, with some exceptions, on 
the mass doubling time of the tumor. For doubling times of 1.3-2.5, 2.6-5.9, and 
6-10 d, the schedules are daily for five treatments (qd x 5), every fourth day for three 
treatments (q4d x 3), and every seventh day for three treatments (q7d x 3). For 
most tumors, the interval between individual treatments approximates the doubling 
time of the tumors, and the treatment period allows a 0.5-1.0 log I0 unit of control 
tumor growth. For tumors staged at 100-200 mg, the tumor sizes of the controls at 
the end of treatment range from 500-2000 mg, which allows sufficient time after 
treatment to evaluate the effects of the test agent before it becomes necessary to sacri- 
fice mice owing to tumor size. 
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Table 6 

Effect of Route of Administration on the Activity 
of Paditaxel Against Staged sc-Implanted MX-1 Mammary Carcinoma Xenografts 

Treatment Complete Tumor- Minimum Growth Net Log 



Route, Opt Dose 
Schedule (mg/kg/day)" 


Regressions 
/Total 


Free on 
Day 40 


%T/C b 
(Day) 


Delay: 

•/ofr-cyc 8 


Cell 
Kill 


iv, D8-12 22.5 


1/9 


8 


-100(15) a 


449 


2.9 


ip, D8-12 15.0 


2/9 


1 


28(19) 


29 


-0.2 


iv, D8.12.16 22.5 


6/9 


2 


-100(15) 


357 


2.1 


ip, D8,12,16 30 


0/9 


0 


20(22) 


70 


-0.3 



"Paditaxel was administered as a solution in 12.5% ethanol: 12.5% cremophor: 75% normal 
saline at multiple dose levels. Data from doses (£LD, 0 ) producing the optimal effects are shown. 

"See Section 3.2. for an explanation of the parameters of antitumor effects. 

'Based on an end point of two doublings, C = 7.1 d. Tumor-free mice and mice dying of ap- 
parent drug-related effects were excluded from the calculations. 

"Number in parentheses indicates the observation day on which data were obtained. 

3.7. Detailed Drug Studies 

Once a compound has been identified that demonstrates some in vivo efficacy in 
initial evaluations, more detailed studies can be designed and conducted in human 
tumor xenograft models to explore further the compound's therapeutic potential. By 
varying the concentration and exposure time of the tumor cells and the host to the 
drug, it is possible to devise and recommend treatment strategies designed to optimize 
antitumor activity. As many of the initial in vivo studies deliver suspensions of the 
compound into the peritoneal cavity, it is unlikely that the sc tumors receive optimal 
concentrations of, and exposure to, test agents. The early preclinical antitumor eval- 
uation of paditaxel illustrates this problem. Li NCI studies, prior to its clinical evalua- 
tion, paditaxel had demonstrated its best effects against ip-implanted tumors, arid no 
activity was observed in sc models following ip administration as a suspension (53, 
54). Later investigations demonstrated that sc-implanted MX-1 mammary carcinoma 
xenografts were highly responsive to treatment with iv solutions of paditaxel (55), 
although they had failed to respond to treatment with ip suspensions (54). As illu- 
strated in Table 6, iv solutions of paclitaxd administered on dther a daily or intermit- 
tent schedule produced complete tumor regressions in the majority of the treated 
mice. Some of these mice remained tumor-free 24-28 d after the last treatment, and 
tumor growth delays in the remaining mice were excellent. In contrast, only modest 
antitumor effects were observed following the ip administration of paditaxel solu- 
tions. Pharmacokinetic data obtained in mice indicated only 10% bioavailability of 
padhaxd from ip administration (55). 
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10S 




60 



40 

Days Postimplant 



-I 
80 



20 

Days Postimplant 

Fig. 3 Response of advanced-stage sc human HT29 colon tumor xenografts to 9-axnino-20(5)-camp- 
tothecin (9- AC). A. ■, Vehicle-treated (salinertween 80) controls; •— 4 mg/kg/d admin- 
istered as an sc bolus suspension in sahnertween 80; □— □ , 4 mg/kg/d administered as an sc bolus 
solution in propylene glycol (PG):polyethylene glycol 400 (PEG 400): DMSO (95 V» of an 80% PG: 
20% PEG mixture + 5*fc DMSO). Treatments were administered on a q4d x 8 schedule starting 14 d 
postimplant. B. ■— Vehicle-treated (saline:tween 80) controls; □ — □, 4 mg/kg/d sc q4d x 8; 
▲ — A, 3 mg/kg/d, sc q2d x 16; A— A, 1 mg/kg/d, sc qd x 32. All 9-AC treatments were given as 
solutions in the PG:PEG:DMSO vehicle starting on day 12. 



The importance of "concentration x time" on the antitumor effects of test agents 
is well illustrated by data obtained with 9-amino-20(5Kamptothecin (9-AQ. Although 
an sc bolus injection of a 9-AC suspension caused complete tumor regression of 
advanced-stage sc-implanted human HT29 colon tumor xenografts, only a marginal 
growth-inhibitory effect was observed when 9-AC was administered as a solution 
(Rg. 3A). Augmented activity with the solution was obtained by increasing the fre- 
quency of administration (Fig. 3B). Characterization of the plasma pharmacokinetics 
in mice, conducted in conjunction with the efficacy studies, indicated that absorption 
of 9-AC from sc-injected solutions was rapid and efficient, but elimination also was 
fast (57). The plasma profile afforded from the suspension differed profoundly: peak 
plasma levels were lower and the rate of elimination much slower (57). The studies 
indicated that maintaining the 9-AC lactone plasma concentration above a threshold 
level for a prolonged period of time was required for optimal therapeutic effects. 



4. HOLLOW-FIBER ASSAYS: 
A NEW APPROACH TO IN VIVO DRUG TESTING 

DTP is evaluating the suitability of a model that would be integrated into the pre- 
sent drug development scheme between the in vitro 60 cell line screen and the in vivo 
sc xenograft assays. This model, based on human tumor cell lines growing in hollow 
fibers, is being developed as a prioritization tool through which lead compounds 
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identified in the in vitro screen would pass (58). The goal is to direct the most promis- 
ing compounds into in vivo testing as rapidly as possible after their selection for test- 
ing from the in vitro screening data. Presently, 10,000 compounds are screened in 
vitro each year and 8-10% of these are referred for in vivo testing. Current resources 
provide testing for approx 300-350 compounds in the xenograft models annually. 
Thus, the in vivo evaluation of compounds for activity is limited by the availability of 
testing resources. A method for prioritizing compounds for testing in the xenograft 
models, and for identifying the most sensitive cell lines to use in the models, would 
increase the prospect of rapidly identifying those compounds with the greatest poten- 
tial for having in vivo efficacy. The hollow-fiber assay is intended to serve this pur- 
pose. In brief, tumor cells are inoculated into hollow fibers (1-mm internal diameter), 
and the fibers are heat-sealed and cut at 2-cm intervals. These samples are cultivated 
for 24-48 h in vitro and then implanted into athymic (nu/nu) mice. At the time of im- 
plantation, a representative set of fibers is assayed for viable cell mass by the "stable- 
end point" MTT dye conversion technique (59) in order to determine the time zero 
cell mass for each cell line. The mice are treated with experimental therapeutics on a 
daily treatment schedule, and the fibers are collected 6-8 d postimplantation. At col- 
lection, the quantity of viable cells contained in the fibers is measured. The antitumor 
effects of the test agent are determined from the changes in viable cell mass in the 
fibers cpUected from compound-treated and diluent-treated mice. Using this tech- 
nique, three different tumor cell lines can be grown conveniently in each of two physi- 
ologic sites 0p and sc) within each experimental mouse (58). Thus, this model pro- 
vides a method whereby a test agent can be administered ip to evaluate its effect 
against tumor cells growing in both the ip cavity and the sc compartment. With this 
simultaneous assessment of multiple tumor cell lines grown in two physiologic com- 
partments, it is possible to identify lead compounds rapidly with the greatest promise 
of in vivo activity. 

A graphic representation of typical data generated with this assay is shown in Fig. 4. 
The experimental mice received an ip and an sc hollow fiber of each of three human 
cell lines (COLO 205 colon, U251 CNS, and OVCAR-5 ovarian tumors) being 
evaluated. The mice were treated ip with the test agent on days 1 -4, and the hollow 
fibers were removed on day 6. The viable cell mass was determined for the fiber 
samples, and the percent net growth of each cell line was calculated with reference to 
the time zero viable cell mass present in the hollow fibers on the day of implantation 
into mice. The net growth of each cell line in the ip and sc fibers is shown in Fig. 4A 
and B, respectively. The test agent was effective in suppressing growth of all three cell 
lines with the greater activity measured against ip implants. Of the cell lines tested, 
COLO 205 was the most sensitive, a finding that was confirmed by the results of the 
sc xenograft evaluations conducted following the hollow-fiber assay. 

Experimentation to date indicates that this in vivo/in vitro hollow-fiber system 
may be well suited for the prioritization of compounds for more advanced stages of in 
vivo drug evaluation. In a practical sense, this hollow-fiber system is viewed as a 
means to facilitate traditional chemotherapeutic testing, since it is rapid, appears to 
be sensitive, and is broadly applicable to a variety of human tumor cell types. Addi- 
tionally, it requires only a limited quantity of test compound, a small number of 
animals, and very limited animal housing space. 
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fig. 4 In vivo effects of test agents on growth of human tumor cells in hollow fibers. Cell lines are 
COLO 205 colon, open bars; U251 glioblastoma, striped bars; and OVCAR-5 ovarian; solid bars. 
A. ip Implants. B. sc Implants. Test agents was administered ip on days 1-4, and fiber contents were 
assayed on day 6. 



5. SUMMARY 

The discovery and development of potential anticancer drugs by NO are based on 
a series of sequential screening and detailed testing steps to identify new, efficacious 
lead compounds and to eliminate inactive and/or highly toxic materials from further 
consideration. Past experience in large-scale screening with a wide variety of animal 
and human tumor systems and the management of disease-free athymic mouse facili- 
ties has proven to be highly valuable for the recent characterization, calibration, and 
utilization of newly acquired human tumor xenograft models. Furthermore, DTP's 
experience with computer programming has enabled the development and implemen- 
tation of specialized analytical software, which permits acquisition, storage, and pre- 
sentation of data in readily accessible tabular and graphic formats. Many of the human 
tumor xenografts have been employed to test a variety of distinct chemical compound 
classes over the past five years. Thus, the in vivo drug sensitivity profiles of these 
human tumor xenografts are well suited to serve as "benchmarks" for the testing of 
newly synthesized agents as well as agents isolated from natural product sources that 
are currently under investigation. 
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In addition to standard models of in vivo testing, NCI has also utilized human 
tumor materials to explore the suitability of alternate model systems, e.g., "meta- 
stasis" and "orthotopic" models. At present, our program is investigating the utility 
of a capillary hollow-fiber implantation model as a means to prioritize compounds 
active in the in vitro screen for subsequent in vivo evaluations. It is hoped that further 
refinement and application of the procedures described in this chapter will facilitate 
the identification and preclinical development of more efficacious treatments for 
human malignancy. 
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Summary 

Surface lymphotoxin (LT) is a heteromeric complex of LT-a and LT-P chains that binds to the 
LT-P receptor (LT-P-R), a member of the tumor necrosis factor (TNF) family of receptors. 
The biological function of this rcceptor-ligand system is poorly characterized. Since signaling 
through other members of this receptor family can induce cell death, e.g., the TNF and Fas re- 
ceptors, it is important to determine if similar signaling events can be communicated via the 
LT-P-R. A soluble form of the surface complex was produced by coexpression of LT-a and a 
converted form of LT-P wherein the normally type II LT-P membrane protein was changed 
to a type I secreted form. Recombinant LT-a,/p 2 was cytotoxic to the human adenocarcinoma 
cell lines HT-29, WiDr, MDA-MB-468, and HT-3 when added with the synergizing agent 
interferon (1FN) 7. When immobilized on a plastic surface, anti-LT-P-R monoclonal antibod- 
ies (mAbs) induced the death of these cells, demonstrating direct signaling via the LT-P-R. 
Anti-LT-P-R mAbs were also identified that inhibited ligand-induced cell death, whereas others 
were found to potentiate the activity of the ligand when added in solution. The human WiDr 
adenocarcinoma line forms solid tumors in immunocompromised mice, and treatment with an 
anti-LT-P-R antibody combined with human IFN-7 arrested tumor growth. The delineation 
of a biological signaling event mediated by the LT-P-R opens a window for further studies on 
its immunological role, and furthermore, activation of the LT-p-R may have an application in 
tumor therapy. 



The TNF family of ligands and receptors is a set of reg- 
ulatory elements in the immune system (1). TNF was 
discovered as a cytolytic agent circulating in the blood of 
cndotoxin-stimulated animals (2-4). Originally cloned in the 
expectation that TNF would be a novel antitumor agent, it 
was later shown that its primary physiologic function lies in 
initiating the inflammatory cascade underlying the host's 
iimnediate defensive response to infection or stress. More 
complex immunological functions have been described (5, 
6). Lymphotoxin (LT) 1 a (also called TNF-P) is a similar 
cytokine secreted by activated lymphocytes (7) and was 
originally characterized as having the same functions as 
TNF. Liter, activated T and B cells were found to display 
LT-a on their surfaces in an unusual form complexed with 
another member of the TNF family called LT-P in an LT- 
a,/p 2 stoichiometry (8-13). A complex with an apparent 



1 Abbreviations used in this paper: LT, lymphotoxin; LT-p-R, LT-P recep- 
tor, MTT, 3-(4,5-diincthylthiazo!-2-yl) 2,5 diphenyltetrazolium bro- 
mide; TUNEL, temiinal deoxynudeotidyl transferase UTP nick-end la- 
beling; VCAM, vascular cell adhesion molecule. 



LT-a 2 /pi stoichiometry is also present, but only in minor 
amounts on human lymphocytes. The major LT-a/p* form 
does not bind to the known TNF receptors, referred to here 
as TNF-R55 and TNF-R75, but rather interacts with an- 
other receptor in the TNF family called the LT-p receptor 
(LT-P-R) (9, 14). 

Currendy, the function of the LT system is poorly char- 
acterized, however, there are suggestions that LT signaling 
is involved in the development of the peripheral lymphoid 
organs. Genetic disruption of the LT-a gene in mice led to 
an unusual phenotype. The mice lacked lymph nodes and 
lost the organization of T and B cells in the follicles in the 
spleen (15, 16). A similar loss of lymph nodes occurs in aly, 
mice although this mouse, unlike the LT-a knockout 
mouse, is severely immunocompromised (17). Signaling 
through the two known TNF receptors has not been 
shown to mediate the development of the lymph nodes 
since knockout of either receptor does not lead to the loss 
of lymph nodes (18, 19). Thus, it has been postulated that 
signaling through the LT-P-R constitutes a regulatory 
pathway that is distinct from TNF- related events and may 
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account for the unique phenotypc of the LT-a knockout 
mouse (12, 15, 16). 

Activation of seven] members of the TNF family of re- 
ceptors can have cytotoxic or growth-inhibitory consequences 
(1). For example Fas receptor activation results in apoptosis 
of many celJ types, including both transformed and non- 
transformed cells (20, 21), and this process is likely to play a 
role in the deletion of autoreactive lymphocytes in the pe- 
riphery (22). TNF and LT-a also can kill some transformed 
cells, and it is likely that tumor cells respond abnormally by 
either necrosing or apoptosing to what is normally a differ- 
entiation-like signal. More recently, TNF signaling has been 
proposed to induce the death of non trans formed lympho- 
blasts in a slow fashion (23, 24), and this process appears to 
require TNF-R75. The physiological significance of this 
event remains to be explored. The Fas receptor and the 
TNF-R55 both possess a unique cytoplasmic domain, called 
the death domain, that is required to initiate cell death (25). 
CD30 and CD40 signaling can inhibit growth and may also 
induce apoptosis, yet these receptors as well as the TNF- 
R75 and the LT-P-R lack obvious death domains (12, 26, 
27). We have investigated whether LT-£-R signaling could 
induce cell death both because of its possible immunologi- 
cal relevance and to provide a practical starting point for 
studying the role of die LT system. Using either recombi- 
nant ligands or anti receptor mAbs with agonist activity, the 
ability of LT-(S-R activation to induce cell death in various 
transformed lines was examined. In this report, we show 
that LT-3-R signaling can induce cell death in a limited 
group of adenocarcinoma tumor lines. 

Materials and Methods 

Celts. All cells were obtained from American Type Culture 
Collection (ATCC) (Rockville, MI)) except tor WEHI 164 clone 
13, which was obtained from Dr. Eric Kawashima (Glaxo Insti- 
tute for Molecular Biology, Geneva, Switzerland). WEHI 164 cells 
were cultured in RPMI 1640 with 10% fetal bovine serum (FBS). 
HT-29 and WiDr cells were maintained in MEM with Earle's 
salts, 10% FCS with glutamine, penicillin/streptomycin, nones- 
sential amino acids, and sodium pyruvate. These two cell lines are 
thought to be derived from the same patient (28). In our assays, 
the original ATCC HT-29 line was heterogenous in its response 
to LT-ct,/p 2 , and not all of the cells died in a parallel manner. 
Subclones from the line were isolated by limiting dilution, and 
the HT-29- 14 line was one subclone that behaved homoge- 
nously in these assays. All of the results can be reproduced quali- 
tatively with die parental line. 

Materials. The anti-Fas mAb CM 1 1 was obtained from Kamiya 
Biomedical Co. (Thousand Oaks, CA), the control IgGl mouse 
mAb MOPC 21 from Organon Technica (Durham, NC) and the 
anti-CD40 mAb BB20 from R&D Systems (Minneapolis, MM). 
The anti-human LFA-3 mAb 1E6 has been described (29) and 
the anti-LFA-3 mAb TS2/9 was provided by Barbara WaUncr. 
The anti-TNF mAb 104c has been described (30). The HT-29/ 
26 hybridoma that produces a mAb that recognizes an abundant 
antigen on the HT-29 surface was obtained from ATCC, cells 
were grown, and the mAb purified by protein A-Scpharosc chro- 
matography. The LT-P-R-hlgGl and TNF-R55-hIgGl Fc fu- 
sion proteins liave been described (9). 



Recombinant Cytokines. Human TNF and IFN-7 were pro- 
duced at Biogen (30). Recombinant human LT-a was prepared 
by expression in insect cells as described (31) and was similar to 
material expressed in CHO cells (30). The recombinant LT-a/p 
heteromeric forms were prepared by coinfection of insect cells 
with two baculo viruses encoding the human LT-a and human 
LT-p proteins (Browning, J.L.; K. Miatkowski, D.A. Griffiths, 
P.R. Bourdon, C. Hession, CM. Ambrose, and W. Meier, manu- 
script in preparation). The transmembrane region of the LT-p gene 
was replaced with a vascular ceU adhesion molecule (VCAM) 
leader sequence to enable secretion of mixed LT-a/p forms. The 
trimcrs LT-a,/p 2 , LT-os/p,, and LT-a 3 were purified using 
combinations of p55 TNF-R and LT-p-R affinity columns. The 
resultant preparations have been well characterized, contain only 
LT forms, are trimeric, and are >95% pure with respect to LT 
forms based on ion exchange chromatographic resolution of the 
three stoicluometrically different trimers. The LT-a^p, prepara- 
tion contained <1 part in 5,000 of LT-ot 3 -Hke activity as assessed 
using the WEHI 164 indicator line and by comparison of various 
LT trimers prepared with a LT-a D50N mutation that eliminates 
TNF-R binding (Browning J.L., K. Miatkowski, O A. Griffiths, 
P.R. Bourdon, C Hession, CM. Ambrose, and W. Meier, manu- 
script in preparation). 

Cytotoxicity Assays. In the cytotoxicity assays, serial dilutions 
of the cytokines or antibodies were prepared in 50 u,l in 96-welI 
plates, and 5,000 HT-29-14 cells were added in 50 oJ of media 
with or without IFN-y. After 3-4 d, 10 uJ of 5 mg/inl MTT f3- 
(4,5-dimethy]rhiazoI-2-yI) 2,5 diphcnyltetrazoiium bromide} was 
added, and after 3 h the fonnazan was dissolved by adding 100 uJ 
of 10% SOS in 10 mM HC1. After a further 24-h incubation at 
37°C, the OD was quanritated at 550 nm. In some experiments, 
soluble receptor forms or pure human IgG were added in 10 uJ 
before the addition of the cells. To immobilize mAbs on the plas- 
tic surface, 96- well tissue culture plates were first coated with 50 
u-1 of 10 p,g/ml affinity-purified goat anti-mouse Fc polyclonal 
antibody (Jackson ImmunoRescarch Laboratories, Inc., West 
Grove, PA), washed with 5% FBS in PBS, and then coated with 
varying amounts of the various mAbs diluted into tissue culm re 
media with FBS. The plates were washed with media before use. 
Cells were added and growth assessed as indicated above. To sur- 
vey the panel of cells shown in Table 4, cells were plated in the 
presence of 50 U/mJ IFN-7 with various dilutions of TNF, anti- 
Fas, LT-a,/p 2 . or into wells coated with various anti-LT-p-R 
mAbs as described above. Growth was assessed with the MTT 
readout, and wells were also visually inspected for morphology 
changes. Dramatic growth inhibition was scored as two pluses 
(++), partial growth inhibition at reasonable concentrations was 
noted as one plus (+), and partial effects requiring high concen- 
trations of ligand was marked as plus/ minus (+/—). 

Mouse Anti-LT-P-R mAhs. Mouse Iiybridomas producing mAbs 
to the human LT-P-R were prepared by immunization of RBF 
mice with the LT-p-R-Fc chimera essentially as described previ- 
ously (9). All mAbs were IgGl isotypes. 

FACS* Binding Assays. To monitor receptor binding to sur- 
face ligand, 200 ng/nu soluble LT-P-R-Fc were added to PMA- 
activated 11-23 T cell hybridoma cells, and binding was detected 
using a PE-labelcd donkey anti-human Ig essentially as described 
(9). To assess the blocking ability of the mAbs, mAbs were prein- 
cubated with the soluble receptor for 20 min before addition of 
the rcccptor-inAb mixture to the 11-23 cells. In other experi- 
ments, receptor expression on adherent tumor lines was deter- 
mined by FACS® analysis of cells removed with PBS with 5 mM 
EOT A and stained using anti-LT-P-R mAbs and a PE-labcled 
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donkey anti-mouse IgG reagent (Jackson Tmrnunof^cscarch Lab- 
oratories). 

Epitope Mapping by BlAcorv™ Analysis. Affinity-purified goat anri- 
hmnan Fc (Jackson ImmunoResearch Laboratories) was immobi- 
lized onto an N-hydroxysuccinhiude-aetivated sensor chip, and 
LT-p-R-Fc was captured onto the anri-hurnan-Fc-coatcd chip. 
The various pairs of anti-LT-p-R niAbs were then bound se- 
quentially, and die ability of die second mAb to bind in the presence 
of the first mAb was measured using a BIAcore™ 2000 (Pharma- 
cia Biosensor, Uppsala, Sweden). The entire array of 49 mAb 
combinations were assessed for cross-blocking in this manner and 
analyzed essentially as described (32). 

Analpis of Apcptosis. Terminal deoxynueleotidyl transferase UTP 
nick-end labeling (TUNEL) of free DNA ends, i.e., TUN EL 
staining, was carried out using the ApopTag™ kit (Oncor Inc., 
Gaithersburg, MD) according to the manufacturer's specifications. 

Tumor Growth in SCJD Mice. BALB/c SCID female mice at 
6-8 wk old (The Jackson Laboratory, Bar Harbor, ME) were in- 
jected with 10 r * trypsiilized and washed WiOr cells in a volume of 
0.2 ml of PBS subcutaneously onto the back of the animal. Mice 
were treated with or without antibody either with or without W 
antiviral U/mouse of human IFN-7 by intraperitoneal injection 
in 0.2 ml on days 0 and 1 or as indicated. The amounts of IFN-7 
and antibody have not been optimized. Tumor volume was cal- 
culated from the radius as determined by caliper measurements in 
two dimensions. The results shown in Fig. 6 B were determined 
in a blinded format. 



Results 

LT-a,/ft b Cytotoxic to HT-29 Cells. Recombinant LT-a,/ 
3 2 and LT-a 2 /Pi trimers were tested for their ability to in- 
hibit the growth of a number of tumor lines. IFN-7 was 
included in the screening as it had been shown to enhance 
the cytolytic properties of TNF (33). Recombinant .soluble- 
LT-ai/p 3 inhibited the growth of human HT-29 cells only 
in the presence of IFN-7 (Fig. 1) and, as shown previously, 
this cell line was also sensitive to the anti-Fas receptor mAb 
CH11, TNF, and LT-a (30, 34, 35). TFN-a and -P were 
100-fold less effective when compared on the basis of anti- 
viral units (data not shown). Soluble LT-oVpj was much 
less active in this assay. 

The specificity of the LT-a,/^ cytotoxicity was exam- 
ined in several ways. Soluble TNF-R55 and LT-fJ-R im- 
munoglobulin chimeras (TNF-R55-Fc and LT-fi-R-Fc) 



were tested for their ability to block the various activities 
(9). These receptors can bind to the appropriate cleft be- 
tween two subunits in the trimeric ligand structures and in- 
terfere with the ability of receptor on the membrane to 
bind ligand. As expected and shown previously (36, 37), 
TNF-R55-Fc completely blocked TNF-induced growth 
inhibition by binding to TNF and preventing its interac- 
tion with surface receptor (Table 1). Soluble TNF-R had 
no effect on LT-a,/p 2 *~ mec li a ted antiproliferative effects. 
In contrast, LT-fi-R-Fc blocked LT-aj/p 2 effects, but not 
those of TNF or LT-a. Moreover, anti-LT-a-neutralizing 
mAbs (9) did not affect the LT-ct.j/02 cytotoxicity (data not 
shown), confirming that soluble trace LT-a contaminants 
were not involved in the activity of LT-a,/p 2 on HT-29 
cells. Additionally, a mutated form of LT-a (D50N) that 
lacks die ability to signal through die TNF-R was exam- 
ined (38). LT-a,/p 2 prepared with the mutant LT-a re- 
tained essentially full activity on HT-29 and WiDr cells 
(see below), further eliminating TNF-R55 binding as a 
possible mechanism for the cytotoxic effects of LT-a t /0 2 
(Ambrose, C, unpublished data). An anti-TNF neutraliz- 
ing mAb 104c, also had no effect on LT-a t /p 2 activity, 
precluding the induction of TNF synthesis as a mechanism 
for the LT-a,/p 2 effects. These assays indicate that LT-a/ 
P 2 can trigger cytotoxic events via non-TNF-R-mediated 
mechanisms. 

Medtatusm of Growth Inhibition. The growth inhibition assay 
alone does not discriminate between death and stasis; how- 
ever, direct observation of die treated HT-29 cells showed 
that Fas receptor activation led to rapid cell death, i.e., 
within 12-24 h, whereas TNF effects were slower and re- 
quired ~24 h. LT-a ) /p 2 ~treated cells underwent a much 
slower death, with dead cells not being visible until 1.5-2 
d. The morphology of the dying , cells was identical in all 
three cases. Some cells have the appearance of apoptotic 
bodies with condensed nuclei, whereas in others the nu- 
cleus appears to condense and the cytoplasm balloons out and 
becomes clear (Fig, 2). Substantial cell lysis does not occur 
even after 3-4 d. The TNF-, anti-Fas receptor mAb- or 
LT-a 1 /p 2 -treated populations had more cells that stained 
brightly with HOECHST dye staining (data not shown), 
which can be indicative of chromatin condensation accom- 
panying apoptotic events. Internucleosomal DNA fragmen- 




o - o 
Concentration ng/ml 



Concentration ng/ml 



Figure 1. The cytotoxic effects of LT-u,/p 2 on the 
human adenocarcinoma HT-29 cells. Comparison of the 
cytotoxic activity of anti-Fas receptor mAb CH- I I (•), 
TNF (O), LT-a (□), LT-a,/p 2 <■), and LT-oyfi, (♦) 
in the presence and absence of 80 U/n\l IFN-7. 
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Table 1. Ability of LT-p-R and TNF-R55 Immunoglobulin 
Fusion Proteins to Block the Inhibitory Effects of Various TNF and 
LT Ligands on H I -29 Growth 



Concentration of cytotoxic agent 
resulting in 50% growth inhibition 



Presence of* 



Cytotoxic agent hu-IgG control TNF-R55-Fc LT-P-R-Fc 





ng/ml 


ng/tnl 


ng/ml 


TNF 


0.08 


>10* 


0.08 


LT-a 


3.0 


>HKK) 


3.0 


LT-at/k 


5.0 


5.0 


>200.0 


Anti-Fas rnAb 


2.0 


2.0 


2.0 



*Each cytotoxic agent was preinixcd with the Ig fusion proteins for 10 
min before addition to the cells. The final concentration of fusion pro- 
tein was 5 M-g/ml. 

* Higher concentrations were not tested. 

tation or laddering was not observed after LT-oc,/p 2 , TNF, 
or anti-Fas treatment of HT-29 or WiDr cells, although a 
prominent large DNA band was visible (data not shown) 
after all three treatments. This large fragment is reminiscent 
of the large 50-200-kb cleavage products previously de- 
scribed in dying epithelial tumor cells (39, 40). Some DNA 
fragmentation was observed using TUNEL staining of 3' 
hydroxy! ends of DNA, which is more sensitive than DNA 
laddering (Fig. 3). Therefore, the death induced by TNF-R, 
Fas, or LT-p-R signaling may be basically apoptotic even 
though all of the classic features of apoptosis have not been 
observed in epithelial tumors (39, 41). 

Properties ofAnii-LT-P-R niAbs. Antibodies to receptors 
in the TNF family can have either antagonistic or agonistic 
effects, and as tools they have been very useful in delineat- 
ing the consequences of receptor activation. To determine 
if LT-p-R cross-linking could induce cell death, we pre- 
pared and characterized similar LT-p-R-specific mAbs. 
Mice were immunized with the LT-P-R-Ft: fusion pro- 
tein, and a panel of mouse anti-LT-P-R mAl>s were iso- 
lated. These mAbs were grouped into four subsets based on 
their performance in the following assays: (a) the ability to 
cross-block each other in a mAb/antigen-binding experi- 
ment using piasmon resonance detection (i.e., a BIAcore™ 
epitope mapping experiment); (b) the ability to block solu- 
ble LT-P-R-Fc binding to surface ligand on PMA-activated 
11-23 cells; and (r) the ability to affect LT-a,/p 2 -induced cell 
death. The results of this analysis are summarized in Table 2. 

Epitope mapping using the BIAcore™ instrument defined 
four separate epitopes recognized by this panel of mAbs 
and formed the basis of the grouping shown in Table 2. 
Within each group, the mAbs effectively blocked each 
other. The group I mAbs did not cross-block any other 
mAbs. The group II epitope partially overlapped the group 
HI epitope. We identified only one niAb, CBE11, with 
group IV properties, and its epitope slightly overlapped the 



BCG6 and BKA1 1 sites. To directly assess the ability of the 
mAbs to inhibit receptor-ligand binding, a FACS® binding 
assay was used. Antibodies were premixed with soluble re- 
ceptor, and the ability of the receptor to bind to ligand on the 
surface of N-23 cells was cjuantitated. This assay has the ad- 
vantage that any agonistic activity of the antirecepror mAbs 
would not be apparent. mAbs from groups I, II, and TV 
were effective inhibitors, suggesting that they bind close to 
the ligand binding region of the receptor (Table 2). 

In the HT-29 cy toxicity assay, all mAbs in these groups 
either weakly inhibited growth or lacked activity when 
simply added to the culture in the absence of ligand (Fig. 4 
A). There was considerable variability in this assay possibly 
reflecting differing receptor densities at the start of the ex- 
periment; e.g., compare Fig. 4 A and Table 3. In dramatic 
contrast, when the mAbs were immobilized on the plastic, 
all mAbs were found to have potent cytotoxic activity (Fig. 
4 B), and this activity was again completely dependent on the 
presence of IFN-y. This result demonstrates that LT-P-R 
cross-linking is sufficient to induce cell death. Moreover, 
we reasoned that mAbs to two different epitopes should be 
able to cross-link receptors more effectively, and indeed 
Table 3 shows that certain pairs of mAbs were cytotoxic in 
solution. In general, mAbs from two different groups had 
to be paired to get cytotoxic activity. 

In addition to the direct agonistic effects of the mAbs de- 
scribed above, we investigated the effects of the mAbs on 
ligand induced cell death. Each of the four groups of mAbs 
had differing effects reinforcing the grouping based on 
BIAcore™ epitope mapping. Group I mAbs primarily 
blocked LT-a,/p 2 activity with a small amount of direct 
growth inhibition occurring in the absence of ligand (Fig. 4 
Q. In some experiments (data not shown), a Fab fragment 
of BDA8 was used, and the small growth inhibitory activity 
disappeared and only direct inhibition was observed. Such 
complex mixed agonist/antagonist effects have been ob- 
served with anti-CD40 mAbs (42). The group II mAbs had 
complex effects that suggested mixed agonistic and antago- 
nistic behavior (data not shown). Group III mAbs potenti- 
ated LT-a,/p 2 activity presumably by creating local re- 
gions of high receptor density that would enhance ligand 
mediated cross-linking (Fig. 4 D), and there was no evi- 
dence of antagonistic effects. The cytotoxic effects of TNF 
were also slightly potentiated by these mAbs, suggesting 
that certain signal transduction elements were facilitating or 
priming the cells for TNF signaling. The group IV niAb, 
CBE11, did not affect ligand-mediated cytotoxicity. Be- 
cause the LT-P-R-5pecific mAbs can directly effect death, 
one can conclude that the LT-P-R is able to signal cell 
death, and this event accounts for the cytotoxic activity of 
LT-oyp,. 

Survey of Sensitive Cell Lines. A series of human tumor 
lines have been screened for sensitivity to cytotoxic or 
growth-inhibitory effects of either the LT-ct,/p 2 ligand or 
plastic immobilized anti-LT-P-R mAbs in the presence of 
IFN-y (summarized in Table 4). The WiDr line (43) was 
found to be sensitive to LT-a,/p 2 in a very similar maimer 
as the HT-29 line, and it is likely that this line is actually a 
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INTERFERON-y INTERFERON-y + LT<xl/p2 




Figure 2. Photograph ott-IT-29 cclK treated with IFN-7 (80 U/ml) alone or IFN--7 plus SO ng/ml LT-a,/fc tor 3 d X200. 



derivative of HT-29 (28). The breast adenocarcinoma 
MDA-MB-468 ami cervical carcinoma HT~3 lines were 
growth inhibited, and whether cell death occurred was not 
rigorously determined. In general, however, the majority 
of tumor lines are not sensitive under ihese relatively fixed 
conditions. This survey was complicated by the fact that 
the sensitivity of the cells to IFN-7 varied dramatically, and 
the lines are often heterogenous, with mixtures of respon- 
sive and nonresponsive cells obfuscating a simple MTT- 
based test. 

Cell surface levels of LT-P-R were examined to deter- 
mine whether LT-p-R presence is the determining factor 
for sensitivity to the LT lignnd. Fig. 5 shows a comparison of 
LT-P-R and CD40 receptor levels on four different tumor 
lines. The CD40 staining is included since its surface levels 
are very abundant on some epithelial rumor lines, as is the 
LT-P-R. All four cell lines are LT-P-R positive, and these 
results are typical of most nonlymphoid cells (Mackay, F., 
andJ.L. Browning, unpublished results). Despite the pres- 
ence of LT-p-R on all four cell types, only HT-29 cells are 
appreciably sensitive to LT-a,/p 2 , indicating that sensitiv- 
ity does not correlate simply with receptor presence. In the 
TNF, Fas, and CD40 signaling systems, no correlation has 
ever been observed between the level of surface receptor 
and whether a cell type responds biologically. Relative to 
Fas, TNF-R55, and TNF-R75, LT-p-R is very abundant 
on cells. Experiments on the HT-29 and WiDr lines indi- 
cated that IFN-7 treatment did not upregulate the LT-P-R, 
whereas in the same experiments the Fas receptor was dra- 
matically upregulated as described previously (35). 



There was no evidence that LT-p-R signaling was cyto- 
static to normal human fibroblasts, endothelial cells, or pri- 
mary lymphocytes, which was expected since lymphocytes 
do not express the receptor (Hochman, 1\, J.L. Browning, 
and C. Ware, unpublished observations). The growth of the 
human diploid fibroblastoid line WI-38 was stimulated by 
LT-p-R signaling (data not shown). The adenocarcinoma 
lines SW620 and SW1417 both displayed altered morphol- 
ogy in response to LT-p-R signaling without growth arrest. 

Anti-LT-p-R mAb Inhibits tin- Growth of WiDr in SCAD 
Mice. We have explored the ability of an anti-LT-p-R 
mAb, CBE11, to block the growth of the WiDr line in ini- 
munodeficient mice. When the mice were treated infra- 
peri ton eally with the CBE1 ] mAb at the same time as the 
WiDr cells were inoculated subcuraneously, rumor outgrowth 
was dramatically blocked (Fig. 6 A). The antitumor action 
was enhanced by IFN-7; however, the mAb was effective 
even without exogenous TFN-7. In the CBE11 + IFN-7 
group, 7 of 16 animals completely lacked rumors, whereas 
the remaining animals had small nodules that had not pro- 
gressed at 2 mo. The CBE11 animals treated without IFN-7 
were similar to the CBE11 + IFN-7 group at 30 d; how- 
ever, these mice eventually developed slowly growing tu- 
mors. There were statistically significant differences between 
the control or IFN-7-treated groups and the CBE11- 
treated groups, whereas no significant differences were ob- 
served between the saline, IFN-7, or the control anti- 
human LFA3 mAb (IE6) + IFN-7 groups. The 1E6 and 
CBE1I mAbs are both IgGls, and since the 1E6 mAb ef- 
fectively coats the tumor line yet did not block tumor 
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IFN-7 



Anti-Fas 
+IFN-Y 



LTalp2 
+IFN-Y 



TNF 
+IFN-7 



10 100 1000 



Relative Fluorescence 
FITC-anti-Digitonln Staining (3* OH Ends) 

Figure 3. FACS* analysis of TUNEL staining of DNA fragmentation 
occuriiiig in response to Fax, TNF. or LT-ct,/f£ : signaling. HT-29 cells 
were exposed to 80 U/nii of IFN--y for 3 d, SI I ng/ml ami- Fax niAb and 
IFN-7 for 2 d, . 50 ng/ml LT-u,/'3 : and IFN-7 for 3 d. or 10 n t »/ml TNF 
with lFN-*y for 2 d. All cells in the culture were stained using the Apo- 
Tag 1M kit (Oncor, inc.) without or with terminal deoxy nucleotidyl trans- 
ferase addition. 



growth, we can exclude complement- or NK cell-medi- 
ated events as die basis for the tumor inhibition. The effi- 
cacy of CBE 1 1 in the absence of IFN-y was unexpected 
since there was an absolute dependence on IFN-7 for any 
LT-p-R based in vitro cytotoxic effect. Either there is some 
crossover of mouse 1FN -7 onto human TFN-7 receptors,, 
or other mechanisms are involved in vivp. The mecha- 
nism (s) by which LT-P-R signaling prevents rumor growth 
in vivo effects arc being investigated. The ability of com- 
bined IFN-7/CBEII treatment to inhibit the growth of an 
established tumor was demonstrated (Fig. % 6 B). Mice were 
inoculated with 10* WiOr cells, and after 15 d, treatment 
was initiated. At this point the average tumor volume was 
0.076 cc or an average diameter of .0.532 cm. Treated tu- 
mors stopped giovving, and after three injections of anti- 
body over 3 wk, growth was arrested out to 7 wk after in- 
oculation, at which point the experiment was terminated. 

Discussion 

Activation of the receptors of the TNF family can direct 
cells into a proliferative or differentiation type response, or 
it can induce cell death sometimes even in the same cell 
type depending on the conditions (4, 22, 44). In this work, 
we have shown that signaling through the LT-P-R leads to 
the death of the HT-29 and WiDr human adenocarcinoma 
cell lines and is at least growth inhibitory to two other 
lines. This activity represents the first observed effect of 
LT-p-R signaling and is important not only because of the 
current interest in cytotoxic events, but because it provides 
a biological assay for characterizing various reagents. There 
was no evidence that LT-P-R signaling was cytostatic to 



Table 2. Summary of Mouse Anti-iluman LT-P-R mAbs 



HT-29 cytotoxicity 



niAb group 


mAb i>ame 


Cell staining* 


blocking receptor 
binding* 


niAb immobilized 
on Plastic* 


Soluble mAb alone 


Sohible mAb 
with I.T-a,P, 


I 


BDA8 


44 + 


4 + + 


4 


4/-S 


Inhibits 


1 


AGH1 


4 + + 


4- + + 


4 


+ /- 


Inhibits 


II 


BCCfi 


4 + + 


4 4 


4 


+ /- 


Mixed 


11 


BHA10 


44 + 


44 + 


4 


+/- 


Mixed 


HI 


BKA11 


+ + + 


47- 


4 




Potentiates 


in 


COH10 


+ + + 


+/- 


4 


.,./_ 


Potentiates 


IV 


CBE 11 


+ + + 


444 


•+ 


+/- 


No effect 


Controls 
















MOPC21 










No effect 




HT29/26 




NO 






No eflcct 




TS 2/9* 


ND 


NO 






No effect 



*FACS* staining of CHO cells transected with LT-0-R. 

* Assay assessed whether antibody blocks binding of soluble receptor to the activated T cell hybridoma 11-13. 
*HT-29 cells were grown with IFN-7 on anti-I.T-p-R-coaied plates as described in Materials and Methods. 
"Variable, partial inhibition in some assays, no effects in others. 

* Anti-human LFA-3, a mouse igGl. 
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Table 3. Effect cf Pairs of Antt-LT-fi-R tnAbs on HT-29/WiDr 
Growth 



0.01 



0.1 1 10 100 1000 
[LTalftt] ng/ml 



10 100 1000 
[LTaip2] ng/ml 



Figure 4. F.lfcc.is of various anti-LT-p-R niAbs on HT-29 growth. A 
shows the effects of soluble anti-LT-p-R mAbs alone on the growth of 
HT-29 i elk; control IgGl (•), HT-29/26, a mAb to an irrelevant abun- 
dant surface Ag on HT-29 cells (■). 13DA8 (O). and CDH10 (G). B il- 
lustrates the direct cytotoxic effects of these two ami-LTp-R mAbs on 
HT-29 ceils when immobilized on the plastic surface. Plates were coated 
with IgGl (•), HT-29/26 (■), UIM8 (O), and CDHIO (D). C shows 
the LT-<i,/fl, an ri proliferative effects on HT-29 cells in the presence of 2 
jig/ml control I S G1 (■) or anti-LT-P-R niAb BOAS (D). BDAH exhib- 
its some agonist activity even at low concentrations. D shows the effect* 
of CDHIO as an example of a group til anti -LT-P-R mAb that potenti- 
ates the etVccts of LT-«|/p 2 . LT-aj/pj etTects were measured in the pres- 
ence of no mAb (•), 0.5 u,g/ml control lgG1 (■), 0.05 jig/ml CDH10 
(O), and 0.5 u^/mi (D) CDHIO. 



mAb 


Concentration 


niAb 


Concentration 


Cell growth 










(OO 550 urn) 


IgGl 


200 






0.77 (HT-29) 


BDA8 


100 












BCG6 


100 


0.50 


DDA8 


100 


BCG6 


100 


0.05 


IGG1 


50 


— 


— 


0.85 (HT-29) 


CDHIO 


33 


— 


— 


0.525 


— 


— 


AG HI 


50 


0.49 


CDH10 


33 


AGH1 


50 


0.23 


IgGl 


100 








0.80 (HT29) 


CDH10 


10 


— 


— 


0.86 


IgGl 


50 


CDH10 


10 


0.81 






CBE11 


50 


0,58 


CDH10 


10 


CBE 1 1 


50 


0.21 


BHA10 


10 






0.85 


BHA10 


10 


CBF.1t 


50 


0.09 


IgGl 


50 






0.62 (WiDr) 


CDHIO 


33 






0.36 






AGH1 


50 


0.36 


CDH10 


33 


AGH1 


50 


0.16 



Dotted lines indicate separate experiments. 

"Typically, further increases in the mAb concentration did not increase 
rhe amount of growth inhibition. 



n on transformed cells, and signaling could actually drive 
growth in some situations. This pattern of cell sensitivity to 
LT-a,/p ? basically resembles die effects of TNF. The data 
we have obtained suggest that the cytotoxicity mediated by 
the LT-p-R will be limited to transformed cells. Recently, 
signaling through TNF-R75 lias been reported to mediate 
an unusually slow death of nontransformed activated lym- 
phocytes (23, 24), indicating that TNF-induced death may 
not be limited to transfonned cells. In contrast, nontrans- 
formed lymphocytes can be induced to undergo rapid apop- 
tosis after Fas signaling, and this event is most likely to be 
involved in the deletion of cerrain lymphocyte populations 
in the periphery (22, 45). Whether the slow events involv- 
ing LT-P-R or TNF-R75 are physiologically important will 
require further investigation. Surface LT is abundant on lym- 
phokine activated T cells, i.e., LAK cells (12, 46). Cur- 
rently, cell mediated cytotoxicity is thought to be mediated 
through the perforin and/or Fas pathways (47). A classic 
LT-P-R-posirive NK/LAK target, K562, was found to be 
completely resistant to the action of soluble LT-a,/p 2 , sug- 
gesting that neidier surface LT is not involved in NK-like 
cytotoxicity. Generic disruption of LT-ot and the two 



TNF-R docs not impair CTL-mediated cell death support- 
ing the hypothesis that TNF/LT signaling Ls not involved in 
cell-cell killing (13). Further experimental work will be re- 
quired to determine whether LT signaling via direct cell- 
cell contact supports these conclusions. 

The LT system with its hetero trim eric ligand is unusual. 
The cytotoxic activity resides primarily in the LT-ot j/p 2 
form, with the LT-ot 2 /p t complex being much less active. 
The crystal structure of LT-ot complcxed with the TNF- 
R55 revealed that the receptor lies in the groove between 
two adjacent subunits (48). The higher potency of the LT- 
ot j/P 2 form suggests that the p/p cleft, which is unique in 
the LT-ot, /p 2 heterotrimer, must interact with the* LT-p-R. 
Biochemical analyses of this interaction have confirmed 
that there is a high affinity interaction of LT-P-R widi LT- 
u,/p 2 and a lower affinity interaction with LT-ot 2 /Pi 
(Browning, J.L., M. Zafari, C. Benjamin, W. Meier, D. 
Griffiths, and K. Miatkowski, unpublished observations). The 
exact nature of the signaling complex is currently unclear. 

Antibodies to the TNF-R55 (49, 50), Fas receptor (21, 
35, 51), CD27 (52), and CD40 (53) have been shown to 
have receptor-activating properties. Presumably antibodies 
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Table 4. Summary ofihc Effects oj'TNF, Anti-Fas, LT-a,/p>, arid Anti-LT-p-R on the Growth of Various Cells in the Prcsemv of I FN- y 



Name 



Type 



TNF 



Growth inhibition bv 



Anti-Fas 



LT-tt^p? 



Anti-LT-p-R 



Brain 

U118 

SW1783 

SW1088 
Skin 

A375 

SK-MEL-1 
Colorectal 
HT29 
WiDr 
SK-C:o-1 
SW 403 
SW 480 
SW 620 
SW 837 
SW 1 1 16 
SW 1417 
Colo 320DM 
LoVo 
DLO-1 
LS 174T 
LS 123 
T84 

HCT116 
NCI H508 
CACO-2 
Breast 
BT-20 
SK-B1V3 
MCF-7 

MDA-MB-468 
Cervix 

ME 180 

HT-3 

MS75J 
Ovary 

SK-OV-3 
Pancreas 

PANC-1 

Capan-1 

Capan-2 
Lung 

A549 
Lymphoid 

U937 

K562 



Glioblastoma 
Astrocytoma 
Astrocytoma 

Melanoma 
Melanoma 

Adenocarcinoma 

Ad enoca rci n om a 

Adenocarcinoma 

Adenocarcinoma 

Adenocarcinoma 

Adenocarcinoma 

Adenocarcinoma 

Aden ocarci noma 

Adenocarcinoma 

Adenocarcinoma 

Adenocarcinoma 

Adenocarcinoma 

Adenocarcinoma 

A den ocarci n oma 

Carcinoma 

Carcinoma 

Adenocarcinoma 

Adenocarcinoma 

Carcinoma 
Carcinoma 
Adenocarcinoma 
Adenocarcinoma 

Carcinoma 
Carcinoma 
Carcinoma 

Adenocarcinoma 

Epidicloid carcinoma 
A de n o care inoma 
Adenocarcinoma 

Carcinoma 

Histiocytic 
Promyelocyte 



+/- 



4-/- 
+ + 
+/- 



4-4- 
4-4- 
4-4- 



+/- 



+ 

■f 
+ 4- 

4- 

4- 
4-/- 
4- + 



+ + 
+/- 
4-4- 
4-4- 

+ 
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Figure 5. FACS* analysis comparing CD40 and LT-f$-R levels on 
three colorectal carcinoma lines, HT-29, SW620, HOT 116, and the 
pancreatic carcinoma CAPAN-2. Untreated cells were stained with anti- 
CD40 (BB20), ami -LT-p-K (13DAH). or a control mAb (MOPC 21). 
Comroi antibody staining is the curve with the lowest staining in each 
panel. 



capable of cross-linking the receptors in the right orienta- 
tion will generate receptor aggregates that can signal. 
Dimerization of the TNF-R55 may be sufficient to trigger 
TNF signaling; however, in the Fas receptor case, larger 
aggregates need to be formed (54). When immobilized on 
a plastic surface, all the anti-LT-p-R mAbs were able to 
induce death, including those that blocked ligand binding. 
Similar patterns were shown for anti- Fas receptor mAbs 
(51). In contrast, the anti-LT-p-R mAbs were not very ef- 
fective in solution unless rnAbs to two different epitopes 
were mixed together. In tliis case, it can be envisioned that 
aggregates larger than dimers could form, resulting in more 
productive signaling. When combined with the LT-otj/p, 
ligand, some antibodies blocked activity, presumably by di- 
rectly blocking the binding site, e.g., BDA8 and AGH1, al- 
though there was some evidence for mixed agomstic/an- 
tagonistic effects even in this case. At the other end of the 
spectrum, some mAbs, e.g., CDH10 and BKA11, potenti- 
ated the killing induced by ligand. Again, cross-linking of 
the receptor into small aggregates presumably facilitates the 
ability of ligand to productively cross-link and signal, inter- 
estingly, the synergistic effect of the anti-LT-p-R mAbs 
with the LT-ot ( /p 2 ligand also occurred between anti-LT- 
p-R mAbs and TNF. We do not have any evidence that 
the TNF receptors are involved in LT-p-R signaling, and 
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Figure 6. Growth of the human adenocarcinoma WiDr tumor in 
SOD mice. A shows the size of tumors 30 d aire j inoculation. Mice were 
treated on days 0 and l with saline, I FN -y alone, an anti-LT-p-R mAh 
CBEll with and without IFN-7, and a control anti-hunun LFA3 mAb 
IE6 with IFN-7. Animals treated with CUEl 1 or 1116. represented by cir- 
cles with dots, received 10 p-g/niomc per injection of antibody instead of 
SO p.g for the open-circle animals. The mean of each group is indicated 
by a crossbar. Means, standard deviations, and (number of animals) for the 
five groups (left to r^/ir) were 0.88 ± 0.59 (14). 1.21 ± 0.7 (21). 0.041 ± 
0.052 (16), 0.1 1 ±6.1 (12) and 0.98 ± 1.16 (12). B shows die growth of 
WiDr rumors as per A t however, the uimcm were grown to an average 
diameter of 0.53 cm (0.076 cc) without any treatment, then intraperito- 
neal injections were started on day 15 anil continued as indicated by the 
arrows. Animals were treated with IFN-7 alone (10 ft U/mjeetion) (D), 
IFN-7 with 50 jtg 1E6 anti-LFA-3 (O), or WN-y with 50 u.g CBE1 1 
anti-LT-p-R (A). Means and standard deviations are indicated for groups 
of 12 animals. 

therefore wc interpret the efFects on TNF signaling as re- 
sulting from more complex priming-like events at the in- 
tracellular level. Anti-LT-p-R mAbs can trigger NF-kB 
activation without inducing cell death (MacKay, F., manu- 
script submitted for publication), thus it is possible that 
both the LT-p-R and TNF-R intracellular signal transduc- 
tion pathways utilize some common elements resulting in 
synergistic cross talk. Along with the soluble ligands and 
LT-p-R— Fc forms, the anti-LT-p-R mAbs are good tools 
for cither activating or inhibiting the LT-p-R signaling 
pathway. 

TNF can induce necrosis, apoptosis, or mixed mecha- 
nisms, depending on die cell line (55, 56), whereas Fas- 
triggered death is generally described as occurring by apop- 
tosis. TNF can have either fast or slow effects on cells, 
probably reflecting multiple mechanisms (57). The experi- 
ments described here showed a lack of classical DNA lad- 
dering, although some DNA cleavage was detected using 
TUNEL techniques. The nuclei appear to condense, yet 
the cytoplasm balloons out in a manner characteristic of ne- 
crosis. It is possible that the ballooning occurs long after the 
death event and is observed in these assays, which are rela- 
tively long term compared with conventionally studied ap- 
optotic events. Morphologically, the death induced by TNF, 
anti -Fas receptor, and LT-0£]/p 2 are similar, differing only 
kinctically. The signaling pathways initiated in each case 
may be different, as shown previously for Fas and TNF re- 
ceptors (58, 59). The action of TNF is often accelerated by 
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the addition of cyclohexiniide to the culture, and the HT-29 
cells are no exception. In contrast, LT-ot t /$ 2 Licked activ- 
ity in the standard short term cycloheximide-containing as- 
say. Either the LT-ot t /0 2 action required protein synthesis, 
or the cytotoxic events are simply too slow to manifest 
diemselves in the short-term assay format. In the TNF case, 
die signaling pathways leading to death are likely to be dif- 
ferent depending on whether or not cyclohexiniide is 
present (60). The effects of cyclohexiniide and the slow 
pace of LT-fJ-R-induccd death relative to TNF and Fas 
suggest that LT-p-R acts via a different pathway. This con- 
cept is intriguing since the LT-p-R lacks a canonical death 
domain. Either receptor cytoplasmic domains lacking the 
death domain can signal death, or the LT-p-R undergoes 
complex ill-defined interactions with other receptors. In 
light of the recent observations on the slow death mediated 
by TNF-R75 (23, 24), which also lacks a canonical death 
domain, it is possible that there are other death pathways 
used by some TNF family members distinct from that typi- 
fied by the well-studied Fas system. 

The ability to induce death selectively in tumor cells is 
an attractive goal. The signal itig mediated by the TNF fam- 
ily of receptors is intriguing since this is one of relatively 
few cases in which a normal physiological signal can induce 
cell death as opposed to the loss of a signal, e.g., IL-2 or IL-3 
removal. The use of TNF to treat cancers was predicated 
on. this concept even before the emergence of programmed 
cell death as an important physiological process. Activation 
of the LT- P-R with the C13E1 1 mAb in vivo blocked the 
growth of WiDr cells inoculated into SOD mice. Since 
the anti-human LT-p-R mAb cannot bind to mouse cells, 
the growth inhibition mechanism must directly target the 
tumor cell. Likewise, the exogenously added IFN-"y can act 
only on the tumor cells since mouse I FN -7 docs not bind 
to human IFN-7 receptors (61) and human IFN-7 does 
not bind to mouse IFN-*y receptors. Therefore, because of 
die lack of an absolute requirement for IFN-7, it remains 
unclear whether the in vivo effect reflects direct cytotoxic- 
ity as observed in vitro or whether other mechanisms are 
contributing. If other mechanisms arc involved, a wider 



range of tumors may be afFected in vivo than would be 
forecast by the in vitro analyses. Generally, more primary 
tumors were found to be affected by TNF in in vivo mod- 
els than would be surmised from the analysis of in vitro 
cultured tumor lines (62). 

An LT-P-R-based antitumor strategy may be important 
when considered in the context of recent advances. TNF, 
Fas, and LT-ot|/p 2 are clearly cytotoxic to tumor types 
with mutant p53 such as HT-29 (63), and, moreover, the 
TNF signaling pathway in cells of fibroblastoid or epithelial 
origin is not sensitive to the protective effects of bcl-2 (64). 
Therefore, the induction of a death sequence might occur 
via a route that circumvents the wild- type p53 dependency 
of some chemodierapeutic approaches (65). A proper un- 
derstanding of these signaling processes may lead to alterna- 
tive strategies for controlling cancer. Clinically, isolated 
limb perfusion with TNF dramatically demonstrated the 
soundness of the approach (66), but unfortunately the sys- 
temic application of TNF was frustrated by dose-limiting 
toxicity resulting from activation of inflammatory cascades. 
Likewise, die Fas receptor is widely distributed, and anti-Fas 
mAbs can be very potent inducers of apoptosis; however, 
receptor activation also leads to rapid necrosis of normal 
liver cells and death in mice. This activity would certainly 
complicate its therapeutic application (67). The LT-P-R is 
present on most transformed cell types, and its activation 
also presents a potential anticancer therapy. Moreover, it is 
likely that sufficient IFN-7 exists in the tumor environment 
to synergism with LT-a t /0 2 without exogenous adminis- 
tration (68). Our preliminary data indicate that LT-Oi|/p 2 
does not effectively activate primary human endothelial 
cells to express the VCAM or E-sclccein adhesion mole- 
cules, and hamster anti-m- LT-P-R. mAbs do not cause 
death (Hochman, P., G. Majean, F. Jvlackay, and S. 
Browning, manuscript submitted for publication); there- 
fore, LT-P-R signaling should lack TNF-type toxicity. If 
the physiological activity of LT-a,/p 2 is limited to more 
subtle regulatory effects on lymph node function, it is con- 
ceivable that an LT-a v /p 2 therapy may provide an alterna- 
tive therapy for some adenocarcinomas. 



We thank Chris Ambrose tor her analysis of the D50N mutant system. Paula Hochman for a critical reading 
of the manuscripr, and also for her and Gerry Majenu's experiments on die effects of LT-a,/0, signaling on 
endothelial cells. We also thank Carl Ware and coworkers for their advice, insight, and advance knowledge 
of their work, and Apinya Ngam-ek for her studies on LT-p-R regulation. 

Address correspondence to Jeffrey L. Browning, Department of Immunology and Inflammation, Biogcn, 14 
Cambridge Center, Cambridge, MA Q2142. 

Received for publication 6 September 1995 and in revised form 1 November 1995. 



References 

1. Smith. C.A., T. Farrah, and R.G. Goodwin. 1994. The TNF 
receptor superfamily of ceUular and viral proteins: activation, 
costimulation, and death. Cell. 76:959-962. 

2. Beyaert. R.> and W. Fiets. 1994. Molecular mechanisms of 
tumour necrosis factor- induced cytotoxicity. FHBS (Fed. Eur. 



Biochcm. Soc) U'U. 340:9-16. 

3. Ficrs, W. 1991 . Tumor necrosis factor. Characterization at the 
molecular, cellular and in vivo level. FEBS (Fed. Eur. Bio- 
(hem. Soc.) Lett. 285:199-212. 

4. Tracey, K.J., and A. Cerami. 1993. Tumor necrosis factor. 



876 Lymphotoxin-p Receptor Signals Cell Death 



other cytokines and disease. Atmu. Rev. Cell Biol, 9:317-343. 

5. Tartagba, L.A., D.V. Goeddel, C. Reynolds, l.S. Figari, RF. 
Weber. B.M. Fcndry, and M.A. Paliadino, Jr. 1993. Stimula- 
tion of human T-ceH proliferation by specific activation of 
the 75-kDa tumor necrosis factor receptor. Immunol. 151: 
4637-4641. 

6. Pimentel-Muiuos, F.X.J. Mazana, andM. Fresno. 1995. Bi- 
phasic control of nuclear factor-kappa B activation by the T 
cell receptor complex: role of tumor necrosis factor alpha. Eur. 
J. Immunol. 25:179-186. 

7. Paul. NX., and N.H. Ruddle. 1988. Lymphotoxin. Atmu. 
Rev. Immunol 6:407-438. 

8. Browning, J.L., A. Ngam-ek, P. Lawton, J. DeMaiinis, R. 
Tizard, E.P. Chow, C. Hession, G.B. O'Brine, S.F. Foley, 
and C.F. Ware. 1993. Lymphotoxin beta, a novel member of 
die TNF family that forms a heteromeric complex with lym- 
photoxin on the cell surface. Cell. 72:847-856. 

9. Browning, J. L., I. Oougas, E.A. Ngam, P.R. Bourdon, B.N. 
Ehrenfcls, K. Miatkowski, M. Zafari, A.M. Yampaglia, P. 
Lawton, W. Meier, et al. 1995. Characterization of surface 
lymphotoxin forms. Use of specific monoclonal antibodies and 
soluble receptors. J. Immunol. 154:33—46. 

10. Androlewicz, M.J., J.L. Browning, and C.F. Ware. 1992. 
Lymphotoxin is expressed as a hctt-romeric complex with a 
distinct 33-kDa glycoprotein on the surface of an activated 
human T ceil hybridoma J. Biol Chan. 267:2542-2547. 

11. Ware, C.F., P.D. Crowe. M.H. Grayson, MJ. Androlewicz, 
and J.L. Browning. 1992. Expression of surface lymphotoxin 
and tumor necrosis factor on activated T, B, and natural killer 
cells, f Immunol. 149:3881-3888. 

12. Ware, C.F., T.L. VanArsdale, P.D. Crowe, and J.L. Brown- 
ing. 1995. The ligands and receptors of the lymphotoxin sys- 
tem. Cun. Top. AtiaobioL Immunol 198:175-218. 

13. Abe. Y., A. Horiuchi, Y. Osuka, S. Kimura, G.A. Granger, and 
T. Gatanaga. 1992. Studies of membrane-associated and soluble 
(secreted) lymphotoxin in human lymphokine-activated 
T-killer cells in vitro. Lymphokitte Cytokine Res. 1 1:115-121. 

J 4. Crowe, P.O., T.L. VanArsdale, B.N. Walter. C.F. Ware, C. 
Hcssion, B. Ehrenfcls, J.L. Browning, W.S. Din, R.G. 
Goodwin, and C.A. Smith. 1994. A lymphotoxin-bcta -spe- 
cific receptor. Sciettcc (Wash. DC). 264:707-710. 

15. De Togni. P. ? J. Goellner. N.H. Ruddle, P.R. Strcetcr, A. 
Pick, S. Mariathasan, S.C Smith, R. Carlson, L.P. Shomick, 
J. Strauss-Schoenberger, J.H. Russell, R. Karr, and D.D. 
Chaplin. 1993. Abnormal development of peripheral lym- 
phoid organs in mice deficient in lymphotoxin. Science (Wash. 
DC). 264:703-706. 

16. Banks, T.A., B.T. Rouse, M.K. Kerley, P.J. Blair, V.L. God- 
frey, N.A. Kuklin, D.M. Bouley, J. Thomas, S. Kanangat, 
and MX. Mucenski. 1995. Lymphotox in-alpha-deficient 
mice: effects on secondary lymphoid development and hu- 
moral immune responsiveness. J. Immunol 155:1685—1693. 

17. Miyawaki, S., Y. Nakamura, H. Suzuka. M. Koba, R. Yasu- 
mizu, S. Ikehara, and Y. Shibata. 1994. A new mutation, aly, 
that induces a generalized lack of lymph nodes accompanied 
by immunodeficiency in mice. Eur. J. Immunol. 24:429-434. 

18. PfcfFer, K., T. Matsuyama, T.M. Kundig, A. Wakehaim K. 
Kishihaxa, A. Shahinian, K. Wiegmann, P.S. Ohashi, M. 
Kronke, and T.W. Mak. 1993. Mice deficient for the 55 kd 
tumor necrosis factor receptor arc resistant to endotoxic shock, 
yet succumb to L. monocytogenes infection. Cell 73:457-467. 

19. Erickson, S.L.. F.J. de Sauvage, K. Kikly, K. Carver-Moore, 
S. Pitts-Meek, N. Gillett, K.C.F. Sheehan, R.D. Schreiber, 



D.V. Goeddel. and M. Moore. 1994. Decreased sensitivity to 
tumour-necrosis factor but normal T-cell development in 
TNF receptor-2-deficient mice. Nature, (hmd.). 372:560-563. 

20. Itoh, N., S. Yonehara, A. Ishii, M. Youehara, S. Mizushima, 
M. Samcshima, A. Hase, Y. Seto, and S. Nagata. 1991. The 
polypeptide encoded by the cDNA for human cell surface 
antigen Fas can mediate apoptosis. Cell 66:233-243. 

21. Trauth, R.C, C. Kins, A.MJ. Peters, S. Matzku, P. Moeller, 
W. Falk, K.-M. Debatin, and P.H. Krammer. 1989. Mono- 
clonal antibody-mediated tumor regression by induction of 
apoptosis. Science (Wash. DC). 245:301-305. 

22. Nagata, S. ; and P. Golscein. 1995. The Fas death factor. Set- 
encc (Wash. DC). 267:1449-1458. 

23. Sarin, A.. M. Conan-Ciborti. and P.A. Hcnknrr. 1995. Cyto- 
toxic effect of TNF and lymphotoxin on T lymphoblasts. /. 
Immunol 155:3716-3718. 

24. Zheng, L., G. Fisher, R.E. Miller, J. Peschon, D.H. Lynch, 
and M.J. Lenardo. 1995. Induction of apoptosis in mauire I 
cells by tumour necrosis factor. Nature (Ijcmd.). 377:348-351. 

25. Cleveland, J.L., and J.N. Ihle. 1995. Contenders in FasL/ 
TNF death signaling. Cell 81:479-482. 

26. Funakoshi. S., D.L. Longo, M. Beckwich, D.K. Conlcy, G. 
Tsarfaty, I. Tsarfaty, R.J. Armitage, W.C. Fanslow, M.K. 
Spriggs, and W.J. Murphy. 1994. Inhibition of human B-cell 
lymphoma by CD40 stimulation. Blood. 83:2787-2794. 

27. Smith, C.A., H J. Cniss, T. Davis, D. Anderson, T. Farrah, E. 
Baker, G.R. Sutherland. C.I. Brannan, N.G. Copdand. N.A. 
Jenkins, ct al. 1993. CD30 antigen, a marker for Hodgkiifs 
lymphoma, is a receptor whose ligand defines an emerging fam- 
ily of cytokines with homology to TNF. Cell. 73:1349-1360. 

28. Browning, M.J., P. Krausa. A. Rowan, D.C. Bicknell, J.G. 
Bodmer, and W.F. Bodmer. 1993. Tissue typing the HLA-A 
locus from genomic DNA by sequence specific PCR: com- 
parison of HLA genotype and surface expression on colorec- 
tal tumor cell lines. Proc. Natl Acad. Sci. USA. 90:2842-2845. 

29. Miller, G.T., P.S. Hochman. W. Meier, R. Tizard, S. A. Bix- 
ler, M.l). Rosa, and B.P. Waliner. 1993. Specific interaction 
of lymphocyte function associated antigen-3 with CD2 can 
inhibit T cell responses./ Exp. Med. 178:21 1-222. 

30. Browning, J., and A. Ribolini. 1989. Studies on the differing 
effects of tumor necrosis factor and lymphotoxin on the growth 
of several human tumor lines. /. Immunol 143:1859-1867. 

31. Crowe, P.D., TX. VanArsdale, B.N. Walter, K.M. Dahms, 
and C.F. Ware. 1994. Production of lymphotoxin (LT alpha) 
and a soluble dimeric form of its receptor using the baeulovi- 
rus expression system. /. Immunol Methods. 168:79-89. 

32. Johne, B., M. Gadnell, and K. Hansen. 1993. Epitope map- 
ping and binding kinetics of monoclonal antibodies studied 
by real time biospecific interaction analysis using surface plas- 
mon resonance./. Immunol Methods. 160:191-198. 

33. Lee, S.H., B.B. Aggarwal, E. Rinderknecht. F. Assisi, and H. 
Chiu. 1984. The synergistic antiproliferative effect of gamma- 
interferon and human lymphotoxin./. Immunol. 133:1083- 
1086. 

34. Deaitry, G.B.. M.S. Naylor. W. Ficrs, and F.R. BalkwitL 
1987. DNA fragmentation and cytotoxicity caused by tumor 
necrosis factor is enhanced by intcrfcron-gamma. Eur. J. Im- 
munol 17:689-693. 

35. Yonehara, S., A. Ishii, and M. Yonehara. 1989. A cell-killing 
monoclonal antibody (anti-fas) to a cell surface antigen co- 
downregulated with the receptor of tumor necrosis factor. /. 
Exp. Med. 169:1747-1756. 

36. Ashkcnazi, A.. S.A. Marsters, D.J. Capon, S.M. Chamow. 



877 Browning et al. 



l.S. Figari, D. Pennica, D.V. Gocddel, M.A. Pailadino, and 
D.H. Smith. 1901. Protection against endotoxic shock by a 
tumor necrosis factor receptor immunoadhesin. Piw. Nail. 
Acad. Sci. USA. 88:10535-10539. 

37. Loetscher, H., R. Gentz, M. Zulauf A. Lustig, H. Tabuehi, 
EJ. Schlaeger, M. Brockhaus, H. Gallati, M. Manneberg, and 
W. Lesslauer. 1991. Recombinant 55-kDa tumor necrosis 
factor (TNF) receptor. Stoichiometry of binding to TNF al- 
pha and TNF beta and inhibition of TNF activity. J. Biol 
Chan. 266:1832-1-18329. 

38. Goh, C.R. ? C.S. Loh f and A.G. Porter. 1991. Aspartic acid 
50 and tyrosine 108 are essential for receptor binding; and cy- 
totoxic activity of tumour necrosis factor beta (lymphotoxin). 
Protein Eng. 4:785-791. 

39. Oberliammcr. F., J.W. Wilson. C. Dive, 1.1). Morris, J.A. 
Hickman, A.E. Wakcling, PR- Walker, and M. Sikorska. 
1993. Apoprotic death in epithelial cells: cleavage of DNA to 
300 and/or 50 kb fragments prior to or in the absence of in- 
ternuclcosomal fragmentation. BMBO (Urn. Mol Biol. Gr- 
oan.) J. 12:3679-3684. 

40. Dusenbury, CE., M.A. Davis, T.S. Lawrence, and J. Maybamn. 
1991. Induction of megabase DNA fragments by 5-fluorode- 
oxyuridine in human colorectal tumor (HT29) cells. Mol 
Pluwthtcol. 39:285-289. 

41. Homier, CD., N.B.F. Oldenburg, and J.A. Gidiowski. 1995. 
The role of DNA fragmentation in apoptosis. Trends Cell 
Biol. 5:21-26. 

42. Ledbetter, J., L.S. Grosmaircr, D. Hollcnbaugh, A. Aruftb, 
and S.G. Nadler. 1995. Agonistic and antagonistic properties 
of CD40 mAb G28-5 are dependent on binding valency. 
Ore Shock. 44:67-72. 

43. Raitano. A. IV, P. Scuderi, and M. Korc. 1991. Upregulation 
of interferon-gamma binding by tumor necrosis factor and 
lymphntoxin: disparate potencies of the cytokines and modu- 
lation of their effects by phorbol ester. J. Interferon Res. 11:61-67. 

44. Lynch, D. 1995. Biology of Fas. Cm. Shock. 44:63-66. 

45. Crispe, I.N. 1994. Fatal interactions: Fas-induced apoptosis of 
mature T cells, hntnnnity. 1:347—349. 

46. Horiuchi, A., Y. Abe, M. Miyake, K. Kimura. Y. Hirsumoto, 
N. Takeuchi, and S. Kimura. 1994. Role of membrane -asso- 
ciated lymphotoxin (mLT) in the killing activity of lympho- 
kine-acrivated killer (LAK) cells towards various tumour cell 
lines. Clin. Exp. Immunol. 96:152-157. 

47. Henkardr, P.A. 1994. Lymphocyte-mediated cytoxicity: two 
pathways and multiple effector molecules. Immunity. 1:343-346. 

48. Banner, D.W., A. D'Arcy. W.Janes. R. Gentz.. HJ. Schoen- 
feld, C. Brogcr. H. Loetscher. and W. Lesslauer. J 993. Crystal 
structure of the soluble human 55 kd TNF receptor-human 
TNF beta complex: implications for TNF receptor activa- 
tion. Celt. 73:431-445. 

49. Engclmann, J-L, H. Holtmann, C. Brakebusch. Y.S. Avni, I. 
Sarov, Y. Nophar, O. Hadas, O. Leitner, and D. Wallach. 
1990. Antibodies to a soluble form of a tumor necrosis factor 
(TNF) receptor have TNF-Iikc activity. J. Biol. Chem. 265: 
14497-14504. 

50. Shabby, M.R., A. Sundan, H. Loetscher. M. Brockhaus, W. 
Lesslauer, and T. Espevik. 1990. Binding and regulation of 
cellular functions by monoclonal antibodies against human 
tumor necrosis factor receptors. /. Exp. Med. 172:1517-1520. 

51. Alderson, M.R.. T.W. Tough, S. Briddy. T. Davis-Smith, E. 
Roux, K. Schooley, R.E. Miller, and D.H. Lynch. 1994. 
Regulation of apoptosis and T cell activation by Fas-speciiic 
mAb. hit. Immunity. 6:1799-1806. 



52. van Lier, R.A.W., M.O. Pool, P. KabeL S. Mous. F. Terp- 
stra, M.A. De Ric. CJ. Melief, and F. Miedema. 1988. Anti- 
CD27 monoclonal antibodies identify two functionally distinct 
populations within the CD4 * T cell subset. Bur. J. lmmuuol 
18:811-816. 

53. Gordon, J., M.J. Millsum. G.R. Guy, and J.A. Ledbetter. 
1988. Resting B lymphocytes can be Triggered directly through 
the CDw40 (Bp50) antigen. J. Immunol. 140:1425-1430. 

54. Dhein, J., P.T. Daniel, B.C. Trauth. A. Oehm, P. Moller, 
and P.H. Kranuncr. 1992. Induction of apoptosis by mono- 
clonal antibody anti-APO-1 class switch variants is dependent 
on cross -linking of APO- \ cell surface antigens. /. Immunol. 
149:3166-3173. 

55. Lastcr, S.M., J.G. Wood, and L.R. Gooding. 1988. Tumor 
necrosis factor can induce both apoptotic and necrotic forms 
of cell lysis J. Immunol. 141:2629-2634. 

56. Fady. C, A. Gardner, F. Jacoby. K. Briskm, Y. Tu, I. 
Schmid, and A. Lichtensteiu. 1995. Atypical apoptotic cell 
death induced in L929 targets by exposure to tumor necrosis 
factor. /. Interferon Cytokine Res. 15:71-80. 

57. Reid, T.R. ? F.M. TortK. and G.M. Ringold. 1989. Evidence 
for two mechanisms by which tumor necrosis factor kills cells. 
J. Biol. Chcm. 264:4583 -4589. 

58. Wong, G.H.W., and D.V. Goeddel. 1994. Fas antigen and 
p55 TNF receptor signal apoptosis through distinct pathways. 
J. Immunol. 152:1751-1755. 

59. GtclL M M P.M. Krammer, and P. Schcurich. 1994. Segrega- 
tion of APO- 1 /Fas antigen and tumor necrosis factor recep- 
tor mediated apoptosis. Eur. J. Immunol. 24:2563-2566. 

6l). Reid, T., P. Louie, and R.A. Fleiler. 19S>4. Mechanisms of 
tumor necrosis factor cytotoxicity and the cytotoxic signals 
transduced by the p75 tumor necrosis factor receptor. Clin: 
Shock. 44:84-90. 

61. Pcska, S., J.A. Langcr, K.C;. Zoon, and C.E. Samuel. 1987. 
Interferons and their actions. Anuu. Ra\ Biocftcm. 56:727-777. 

62. Fiers, W. 1991. Tumor necrosis factor, characterization at the 
molecular, cellular and in vivo level. PUBS (Pcd. Eur. Bio- 
chem. Stvjbett. 285:199-212. 

63. Park, D.J., M. Nakamura, A.M. Chumakov, J.W. Said, CM. 
Miller, D.L. Chen, and H.P. Kocfflcr. 1994. Transactiva- 
tional and DNA binding activities of endogenous p.53 in p53 
mutant cell lines. Oncogene. 9:1899-1906. 

64. Vanhaesebroeck, B, J.C. Reed.. V.D. De. J. Grootcn. T. Mi- 
yashita, S. Tanaka, R. Bcyacrt, R.F. Van, and W. Fiers. 
1993. Effect of bcl-2 proto-oncogenc expression on cellular 
sensitivity to tumor necrosis factor-mediated cytotoxicity. 
Oncogene. 8:1075-1081. 

65. Lowe, S.W.. H.E. Rulcy, T. Jacks, and D.E. Housman. 

1993. p53-dcpendent apoptosis modulates the cytotoxicity of 
anticancer agcuts. Cell 74:957-967. 

66. Lejeune, F., D. Lienard, A. Eggermont, H. Schraffbrdt, B. 
Kroon, J. Gcrain. F. Rosenkaimer, and P. Schmitz. 1994. 
Clinical experience with high dose tumor necrosis factor al- 
pha in regional therapy of advanced melanoma. Cnr. Slunk. 
43:191-197. 

67. Ogasawara, J., F.R. Watanabe, M. Adachi, A. Matsuzawa, T. 
Kasugai, Y. Kitamura, N. Itoh, T. Suda, and S. Nagata. 1993. 
Lethal effect of the anti-Fas antibody in mice. Nature (bond.). 
364:806-809. 

68. Dighe, A.S.. E. Richards, LJ. Old, and R.D. Schreiber. 

1994. Enhanced in vivo growth and resistance to rejection of 
tumor cells expressing dominant negative lFNgatnma recep- 
tors. Immunity, 1:447-456. 



878 Lymphotoxin -(3 Receptor Signals Cell Death 



EXHIBIT E 



Journal of Clinical Immunology, Vol. II, No. 3, 1991 



Special Article 



Monoclonal Antibody Therapy of Human Cancer: Taking 
the HER2 Protooncogene to the Clinic 

H. MICHAEL SHEPARD, 1,4 GAIL D. LEWIS,' JAY C. SARUP 1 BRIAN M FFNni v • nAuici 
MANEVAL,' JOYCE MORDENTI,' IRENE FIGARI, 1 CLAIRE E KOTTS^ ' ° ANIEL 

MICHAEL A. PALLADINO, JR.,' AXEL ULLRICH, 2 and DENNIS SLAMON 3 



Accepted: January 22, 1991 



The HER2 protooncogene encodes a 185-kDa transmem- 
brane protein (pI85 HE * 2 ) with extensive homology to the 
epidermal growth factor (EGF) receptor. Clinical and 
experimental evidence supports a role for overexpression 
of the HER2 protooncogene in the progression of human 
breast, ovarian, and non-small cell lung carcinoma. These 
data also support the hypothesis that pl85 HER2 present on 
the surface of overexpressing tumor cells may be a good 
taTgC HE& r re f e P tor - tar S eled therapeutics. The anti- 
pi 85 2 murine monoclonal antibody (muMAb) 4D5 is 
one of over 100 monoclonals that was derived following 

imm HER2 ati ° n ° f mice With ceils ove rexpressing 
p!85 . The monoclonal antibody is directed at the 
extracellular (ligand binding) domain of this receptor 
tyrosine kinase and presumably has its effect as a result of 
modulating receptor function. In vitro assays have shown 
that muMAb 4D5 can specifically inhibit the growth of 
tumor cells only when they overexpress the HER2 pro- 
tooncogene. MuMAb 4D5 has also been shown to en- 
hance the TNF-a sensitivity of breast tumor cells that 
overexpress this protooncogene. Relevant to its clinical 
^mr*"' muMAb 405 ma y enhance the sensitivity of 
p!85 -overexpressing tumor ceils to cisplatin, a 
chemotherapeutic drug often used in the treatment of 
ovarian cancer. In vivo assays with a nude mouse model 
have shown that the monoclonal antibody can localize at 
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the tumor site and can inhibit the growth of human tumor 
X ?«£^ S Which overe xpress pl85 HER2 . Modulation of 
P185 activity by muMAb 4D5 can therefore reverse 
many of the properties associated with tumor progression 
mediated by this putative growth factor receptor. To- 
gether with the demonstrated activity of muMAb 4D5 in 
nude mouse models, these results support the clinical 
application of muMAb 4D5 for therapy of human cancers 
characterized by the ov erexpression of pl85 HER2 . 

KEY WORDS: HER2; neu; TNF-a; monoclonal antibody ther- 
apy. 



BACKGROUND: THE HER2 PROTOONCOGENE 
AND HUMAN CANCER 

Cellular protooncogenes encode proteins that are 
thought to regulate normal cellular proliferation and 
differentiation. Alterations in their structure or am- 
plification of their expression lead to abnormal 
cellular growth and have been associated with car- 
cinogenesis (1-4). Protooncogenes were first iden- 
tified by either of two approaches. First, molecular 
characterization of the genomes of transforming 
retroviruses showed that the genes responsible for 
the transforming ability of the virus in many cases 
were altered versions of genes found in the genomes 
of normal cells. The normal version is the protoon- 
cogene, which is altered by mutation to give rise to 
the oncogene. An example of such a gene pair is 
represented by the EGF receptor and the v-erbB 
gene product. The virally encoded v-erbB gene 
product has suffered truncation and other alter- 
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ations that render it constitutively active and endow 
it with the ability to induce cellular transformation 
(5). 

The second method for detecting cellular trans- 
forming genes that behave in a dominant fashion 
involves transfection of cellular DNA from tumor 
cells of various species into nontransformed target 
cells of a heterologous species. Most often this was 
done by transfection of human, avian, or rat DNAs 
into the murine NIH 3T3 cell line (1-5). Following 
several cycles of genomic DNA isolation and re- 
transfection, the human or other species DNA was 
molecularly cloned from the murine background 
and subsequently characterized. In some cases, the 
same genes were isolated following transfection and 
cloning as those identified by the direct character- 
ization of transforming viruses. In other cases, 
novel oncogenes were identified. An example of a 
novel oncogene identified by this transfection assay 
is the neu oncogene. It was discovered by Weinberg 
and colleagues in a transfection experiment in 
which the initial DNA was derived from a carcino- 
gen-induced rat neuroblastoma (6,7). Characteriza- 
tion of the neu oncogene revealed that it had the 
structure of a growth factor receptor tyrosine ki- 
nase, had homology to the EGF receptor, and 
differed from its normal counterpart, the neu pro- 
tooncogene, by an activating mutation in its trans- 
membrane domain (8). 

The association of the HER2 protooncogene with 
cancer was established by yet a third approach, that 
is, its association with human breast cancer. The 
HER2 protooncogene was first discovered in cDNA 
libraries by virtue of its homology with the EGF 
receptor, with which it shares structural similarities 
throughout (5). When radioactive probes derived 
from the cDNA sequence encoding pl85 HER2 were 
used to screen DNA samples derived from breast 
cancer patients, amplification of the HER2 protoon- 
cogene was observed in about 30% of patient sam- 
ples (9). Further studies have confirmed this origi- 
nal observation and extended it to suggest an 
important correlation between HER2 protoonco- 
gene amplification and/or overexpression and wors- 
ened prognosis in ovarian cancer and non-small cell 
lung cancer (10-14). 

The association of HER2 ampiification/overex- 
pression with aggressive malignancy, as described 
above, implies that it may have an important role in 
progression of human cancer; however, many tu- 
mor-related cell surface antigens have been de- 
scribed in the past, few of which appear to have a 



direct role in the genesis or progression of disease 
(15,16). The data which support a role of HER2 
overexpression in the basic mechanisms of human 
cancer are summarized below. 

Amplified expression of pI85 HER2 can lead to 
cellular transformation as assessed by morphologi- 
cal alterations and growth of p!85 HER2 -overex- 
pressing cells in soft agar and in nude mice (17,18) 

In a Ki° n ' NIH 3X3 fibrab,asts overexpressing 
p!85 have an increased resistance to cytotox- 
icity mediated by activated macrophages or recom- 
binant human TNF-a (19), the cytokine that ap- 
pears to be mainly responsible for macrophage- 
mediated tumor cell cytotoxicity (20). This 
observation extends also to breast tumor cells 
which overexpress p!85 HER2 (19), and suggests thai 
high levels of pl85 HER2 expression may be related 
to tumor cell resistance to at least one component of 
the host's antitumor surveillance armamentarium, 
the activated macrophage. This work has been 
reviewed previously (21), and similar data have 
recently been reported for ovarian tumor cell lines 
which overexpress pl85 HER2 (22). Further support 
for a role of P 185 HER2 or the related neu oncogene- 
encoded tyrosine kinase in tumorigenesis comes 
from work with transgenic mice that have been 
manipulated to overexpress one or the other of 
these two related genes. Transgenic mice express- 
ing the activated form of the rat neu protooncogene 
under the control of a steroid inducible promoter! 
uniformly develop mammary carcinoma (23). In 
another transgenic mouse model the HER2 pro- 
tooncogene product, ^activated- by point mutation 
analogous to the rat neu oncogene product, or an 
unaltered form of the HER2 protooncogene, has 
been expressed in mice (24). The main malignancies 
induced m this model were either lung adenocarci- 
™ m , a or . ,vm Phoma but not mammary carcinoma. 
While it is not known why the different transgenic 
mouse models give such distinct results, the latter 
model may be of particular significance given the 
recent report of an association between pl85 HER2 
overexpression and poor prognosis in nonsmall cell 
lung cancer (14). These differing results suggest 
some difference in the activity of activated neu and 
HER2-encoded tyrosine kianses, although effects 
due to mouse strain differences cannot be excluded 
The structural similarities between pl85 HER2 and 
the EGF receptor suggest that function of pl85 HER2 
may be regulated similarly to the EGF receptor In 
particular, one expects that the tyrosine kinase 
activity associated with the cytoplasmic domain of 
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the receptor would be ligand activated. This pro- 
posal receives support from recent work describing 
a ligand for pl85 HER2 (25). These data lead to a 
model (Fig. 1) wherein antagonists that downregu- 
late the function of p!85 HER2 should have the effect 

^hS" 8 8rOWth of tumor ce,ls de Pendent upon 
pl85 function and of increasing the sensitivity 
of such tumor cells to TNF-a. By analogy with 
previous work done with two related tyrosine ki- 
nases, the EGF receptor (26) and the activated neu 
protooncogene product (27), we hypothesized that 
monoclonal antibodies targeted to the extracellular 
domain of pI85 HER2 may have the desired proper- 
ties. 



DERIVATION OF muMAb 4D5 

A family of monoclonal antibodies focused 
against the extracellular domain of pI85 HER2 were 
prepared (28). To do this, an NIH 3T3 fibroblast cell 
line that overexpresses pl85 HER2 [NIH 3T3/HER2- 
3-400 (18)] was used to immunize BALB/c mice. 
The mice were subsequently boosted with NIH 
3T3/HER2-3-400 and, finally, with a preparation 



enriched for P 185 HER2 by wheat germ agglutinin 
chromatography of membrane extracts of this cell 
line. Following splenocyte fusion with a mouse 
myeloma partner, the hybridomas were cultured in 

!i!S titer p,ates ' H ybndomas positive for 
anti-pl85 HER2 activity, but with little or no anti- 
EGFR activity, were detected by ELISA (Fig 2) A 
critical property of an anti-pl85 HER2 monoclonal 
antibody with potential for therapy would be its 
feck of cross-reactivity with the closely related 
. receptor, which is expressed at elevated levels 
m multiple tissues (29). To select further monoclo- 
nal antibod.es with this characteristic, a number of 
assays were performed, including immunoprecipita- 
tion assays utilizing in vivo labeled EGF receptor 

and u P i 85 , (Fig - 3A) and FACS analysis of 
antibody bmding to tumor cells overexposing ei- 
ther pI85 HER2 or the EGFR (Fig. 3B). The screen- 
ing results are summarized in Table I. Based upon 
these results, nine of the pl85 HER2 monoclonal 
antibodies were chosen for further characterization 
including a cell growth inhibition assay utilizing the 
u- u . man breast adenocarcinoma cell line, 
which greatly overexpress pl85 HER2 . The monoclo- 
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nal antibody, muMAb 4D5, was clearly the most 
effective of the group in this assay (Table II). 

The initial results characterizing the growth in- 
hibitory activity of these monoclonal antibodies 
were extended by comparing them for activity 
against a battery of human breast and ovarian tumor 
cell lines that expressed varying levels of pl85 HER2 . 
These results reveal that the monoclonal antibodies 
can be growth inhibitory, they may have no affect 
on cell proliferation, or they may stimulate the 
proliferation of breast tumor cells. Growth inhibi- 
tion appears to depend upon overexpression (Table 
III). This property, in particular, is shared by the 
monoclonal antibodies 4D5 and 3H4. These mono- 
clonal antibodies may exert their effects on cell 
growth by similar mechanisms since they compete 
for binding to the receptor (Tables I and III) (28) 
and, therefore, may recognize the same or overlap- 
ping epitopes. The other monoclonal antibodies 
vary m their ability to inhibit proliferation, but 7C2 
and 6E9 are consistently less active in this respect. 



The potent growth inhibitory activity of 2C4 for 
MDA-MB-175 breast tumor cells is^not understood 
at present but may represent cross-reactivity with 
another receptor expressed on these cells. Simi- 
larly, the properties that distinguish 7C2 from the 
other antibodies with regard to its ability to stimu- 
late the proliferation of several of the tumor cell 
hnes shown in Table III has not been determined. 
The 6E9 monoclonal antibody has been shown to 
bind to the extracellular domain of pl85 HER2 al- 
though only to a subset of receptors on the surface 
of SK-BR-3 tumor cells (30). The functional signif- 
icance of this subset of receptors is unclear In 
addition to its activity on breast tumor cells, which 
overexpress pI85 HER2 , muMAb 4D5 is also clearly 
the most active of the monoclonal antibodies with 
respect to its ability to inhibit growth of SKOV-3, a 
human ovarian adenocarcinoma cell line that over- 
expresses P 185 HER2 (Table III). Experiments are 
currently planned to try to understand in more 
detail how these monoclonal antibodies may exert 
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distinct effects on tumor cell proliferation. The in 
vitro results summarized in Table III clearly show 
that when the monoclonal antibodies are compared 
for efficacy, as measured by their abilities to inhibit 
growth of breast and ovarian tumor cells overex- 
pressing pl85 HER2 , muMAb 4D5 is usually the most 
potent and is therefore a good candidate for further 
characterization in other models that may be pre- 
dictive of its efficacy in human clinical trials. Inter- 
estingly, the most dramatic activity of the antibody 
is seen in cell lines that overexpress greater than 
fivefold the level observed in MCF-7 breast tumor 
cell lines [a low expressor control cell line; Table III 
(19)J. Patients who overexpress greater than five- 
fold the normal level of pl85 HER2 have been shown 
to have a very poor prognosis (10). These results 
will aid in choosing patients who are most likely to 
respond in clinical trials. 

The model depicted in Fig. 1 predicts that down- 
regulation of pI85 HER2 by a monoclonal antibody or 



tJther reagent should result in decreased cellular 
proliferation, as shown in Table III, but also in- 
creased sensitivity to TNF-a. Results of experi- 

m , e ocH EI i n Which tumor ce,,s overexpressing 
pl85 were treated with muMAb 4D5 or a 
control monoclonal antibody, alone and in combi- 
nation with TNF-a, suggest the validity of this 
model (Fig. 4) (31). MuMAb 4D5 treatment of 
breast tumor cells overexpressing p!85 HER2 re- 
sulted in enhanced sensitivity of these cells to 
TNF-a. The growth and the TNF-a sensitivity of 
normal cells or tumor cells that do not overexpress 
the receptor were unaltered. 

In addition to the relationship between TNF-a 
resistance and P 185 HER2 overexpression, a possible 
relationship between protoncogene expression and 
resistance to the chemotherapeutic drug cisplatin 
has been investigated. A correlation between HER2 
protooncogene overexpression and resistance to 
chemotherapeutic drugs rests on the grounds that 
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Table I. Summary Table of Monoclonal Antibodies Described 



ELISA tf 



RIP* 



MAb 



Isotype 



EGFR 



pl85 HER2 



EGFR 


pl85 HER2 


Epitope c 


FACS* 






Kp/c) 


+ + + 




+ + 


F(p/c) 


+ + + 




+ + 


H(p/c) 


+ + 




+ + + 


H(p/c) 


+ + + 




+ 


Kp) 


+ 




+ + 


- nd(p) 


+ 




+ 


nd(p) 






++ 


G(p) 


+ + + 




+ + 


F(p/c) 


+ + + 




+ + + 


. G/F(p/c) 


+ + + 



4D5 
2C4 
2H11 
3E8 
3H4 
SB8 
6E9 
7C2 
7D3 
7F3 



IgGl.k 

IgGl.k 

IgG2a,k 

IgG2a,k 

IgGl.k 

IgGI.k 

IgGl.k 

IgGl.k 

IgGl,k 

IgGl.k 



+ + + 
+ 
+ 
+ 
+ 

+ + 
+ + 
+ + 
++ + 



"Summary of OD 492 nm: (-) <0.1; (+) 0.11-0.50; {++) 0.51-1.0; (+ ++) >1.0 
Summary of autoradiography from immunoprecipitations: (-) bands equal to negative control; (+) weak bands but darker than negative 
control; (++) moderately exposed bands; (+ ++) strongly exposed bands negative 
mS^-*!^ 1 !? to rcpresentindividual epitopes A through I (nd, not done). MAbs were considered to share an epitope if each 
blocked binding of the other by 50% or greater in comparison to an irrelevant MAb control. The epitope composition reco^izedby 
immunoprecipitanons with each MAb from tumcamycin-treated cells is shown. The letters p. c, or jJc k i^5SSSS?^i2 
monoclonal anubody binds only to the polypeptide (p). the carbohydrate (c), or both (o/c) moieties TnTexS 

T'tnO.^M*? S l^t $ ° f l ? K ' BR *- CCl,S by ? C ^"P 185 "™ monoclonal antibodies: (-) MAbs equal to the negative control MAbs- M 
nC8atlVC 51 (++) l ° WghCr than thC nCgatiVC COnU ^ Is; (+ + +) >^oK 



patients exhibiting overexpression appear to have a 
worsened prognosis, especially in ovarian cancer 
(10, 13). In addition, recent work with the EGF 
receptor (32) has indicated that when the anti- 
EGFR monoclonal antibody 108.4 was added to- 
gether with cisplatin, the antitumor effect of the 
antibody was greatly enhanced. Because the 108.4 
monoclonal antibody and muMAb 4D5 appear to 
share the ability to inhibit soft agar growth of tumor 

Table II. Inhibition of SK-BR-3 Proliferation by Anu-pl85 HER2 
Monoclonal Antibodies" 



Monoclonal 
antibody 



Relative cell 
proliferation* 



4D5 

7C2 

2C4 

7D3 

3E8 

6E9 

7F3 

3H4 

2HI1 

40.1 Hl f 

4F4 



44.2 ± 4.4 

79.3 ± 2.2 
79.5 ± 4.4 

83.8 £ 5.9 
66.2 ± 2.4 

98.9 ± 3.6 
62.1 ± 1.4 
66.5 ± 3.9 
92.9 ± 4.8 

105.8 ± 3.8 
94.7 ± 2.8 



"SK-BR-3 breast tumor cells were plated at a density of 4 x 10 4 
ceils per well into 96-well microdilution plates, allowed to 
adhere, and then treated with monoclonal antibody (10 ng/ml). 
^Relative cell proliferation was determined by crystal violet 
staining of the monolayers after 72hr. Values are expressed as a 
percentage of results with untreated control cultures (100%). 
'Control monoclonal antibodies 40.1 HI and 4F4 are directed 
against hepatitis B surface antigen and human interferon-^ 
respectively (27). 



cells overexpressing their respective receptors, it 
seemed possible that such an interaction may also 
occur in the HER2 protooncogene system. The in 
vitro results (Fig. 5) show that treatment of SK- 
BR-3 breast tumor cells with muMAb 4D5 enhances 
their sensitivity to cisplatin. 



IN VIVO PRECLINICAL EFFICACY 

A critical part of the rationale supporting the 
application of muMAb 4D5 to human cancer ther- 
apy is its ability to inhibit the growth of tumor cells 
overexpressing p!85 HER2 in vivo, A human tumor 
xenograft model was used to test this property of 
muMAb 4D5 and to compare its activities with 
those of the other monoclonal antibodies in a rele- 
vant model of human disease. In this model, a 
human breast tumor, characterized with respect to 
HER2 protooncogene amplification and expression, 
was grafted into the subrenal capsules of nude mice. 
Therapy was initiated 1 week postimplantation. In 
order to be active in this model, the monoclonal 
antibody must be able to localize to the overex- 
pressing tumor cells in the lesion and subsequently 
exert a growth regulatory effect mediated through 
pl85 HER2 G rowth inhibition occurs only with tu- 
mors that overexpress the receptor. Heterotrans- 
plants (approximately 1 mg) of Murray breast tumor 
[a high expresser of the HER2 gene product (10) J 
were implanted into the subrenal capsule of 48 
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Table HI. Inhibition of Human Breast and Ovarian Tumor Cell Growth by Monoclonal Antibodies Directed Against the Extracellular 
Domain of pl85 HER2 



Cell line 


Relative 






Cell proliferation {% control)* 






expression" 


4D5 C 


3H4 C 


2C4 rf 


7F3" 


7C2' 


6E9 r 


MCF7 

ZR-75-1 

MDA-MB-175 

MDA-MB-453 

MDA-MB-36! 

BT474 

SK-BR-3 

SK-OV-3 


1 

3 
4 
7 
17 
20 
33 
17 


94 
106 
61 
62 
60 
23 
42 
77 


101 
113 
84 
68 
68 
25 
56 
85 


101 
104 
24 
91 
65 
53 
66 
87 


97 
100 
48 
84 
73 
20 
64 
91 


106 
149 
87 
78 
113 
74 
92 
97 


110 
113 
103 
101 
113 

94 
105 

99 



«*m on r/«.s assay us.rig muMAb 4D5 and fluorescence-labeled goat anti-murine IgGI polyclonal antibody 

'SSSmISS JSP- '" diCated m0n0Cl0na, amib0dy (SE ' * 10%) - 0fl " r ^« *-Sb3K footnotes to Tab.e II. 

S^S!^ - 7R " "«0." 

7 6E9 epitope determination not done. 



athymic mice on day 0. Groups of eight animals 
were injected intravenously with tissue culture- 
derived muMAb 4D5 (36.4 mg/kg), PBS, or control 
monoclonal antibody, muMAb 5B6 (directed 
against gpl20; 36.4 mg/kg), as single agents in 
equally divided doses on days 7, 10, and 13. Four 
mice from each group were sacrificed on day 20, 
and the remainder of the animals were sacrificed on 
day 34. Tumor sizes were measured using ocular 
micrometer and gravimetric techniques. A sum- 
mary of the tumor weights (mean ± SD) from 
animals sacrificed on days 20 and 34 is shown in 
Table IV. On day 20, average tumor weights of 
animals receiving muMAb 4D5 were significantly 
less than those receiving the same dose of the 
control antibody muMAb 5B6. Interactive effects 
between muMAb 4D5 and cisplatin have also been 
observed in this model (33). These studies in athy- 
mic mice bearing human breast tumor xenografts 
have demonstrated efficacy and suggested an en- 
hanced effect when muMAb 4D5 is given in combi- 
nation with cisplatin. 

MECHANISM OF ACTION 

The results described above are consistent with 
muMAb 4D5 having receptor antagonist activity. 
Surprisingly, however, muMAb 4D5 treatment of 
SK-BR3 tumor cells stimulates receptor tyrosine 
kinase activity (Table V) (30, 34). In addition, it can 
mediate the phosphorylation of intracellular sub- 
strates by pI85 HER2 (34). Consistent with its ability 
to stimulate receptor activity, muMAb 4D5 treat- 
ment of SK-BR-3 or SK-OV-3 tumor cells results in 



a modulation of intracellular second messengers, 
including diacylglycerol. Diacylglycerol (DAG) is a 
product of phospholipase C breakdown of phos- 
phatidylinositol-4,5-bisphosphate. It is a cofactor 




Fig. 4. Monoclonal antibody 4D5 sensitizes breast tumor cells to 
the cytotoxic effects of TNF-a. Filled bars, cell number at 
initiation of the assay; dark cross-hatching, untreated control; 
dark stipples, TNF-a alone; light cross-hatching, MuMAb 4D5; 
open bars, MuMAb 4D5 combined with TNF-a. (B) Lack of 
growth inhibition of SK-BR3 tumor cells by muMAb 40.1 HI 
(anti-hepatitis B antigen; light stipples) and failure of the 40.1 H 
I to enhance SK-BR-3 tumor cell sensitivity to TNF-a (broken 
cross-hatching). SK-BR-3 and MDA-MB-175-VH overexpress 
PI85HER2 (see Table III). MDA-MB-231 and HBL-100 are 
breast cell lines which do not overexpress pl85 HER2 ( and T24 is 
a nonoverexpressing human bladder carcinoma cell line The 
assay was performed as described in Ref. 31. 
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Cisplatin (ug/ml) Cisplatin (ug/ml) 



Fig. 5. Treatment of SK-BR-3 breast tumor cells with muMAb 4D5 enhances sensitivity to 
cisplatin. MuMAb 4D5 (A) or muMAb 6E9 (control; B) and cisplatin were added at the indicated 
concentrations to SK-BR-3 breast tumor cells. The plate cultures were incubated for 3 days and 
relative cell proliferation was determined as described (31). No antibody (O); 0.156 ug/ml muMAb 
4D5 or muMAb 6E9 (•); 0.625 ng/ml muMAb 4D5 or muMAb 6E9 (A); 2.5 u^/ml muMAb 4D5 
or muMAb 6E9 (A). 



for activation of protein kinase C and has been 
closely associated with growth factor activity (35). 
As may be predicted from its effect on cell prolifer- 
ation, muMAb 4D5 treatment of SK-BR-3 tumor 
cells results in downregulation of intracellular pools 
of DAG (Table VI) (30). This result is consistent 
with overall antagonist activity, as is inhibition of 
tumor cell proliferation. Other data suggest that 
muMAb 4D5 may inhibit association of ligand with 
the receptor (25). Similar monoclonal antibodies 
have been reported for the EGFR system (26, 28). 
Further work is under way to characterize the 
ligand(s) that binds pl85 HER2 and the mechanism of 
action of muMAb 4D5. 

While the ability of muMAb 4D5 to stimulate 
phosphorylation of pl85 HER2 is consistent with an 
agonist of receptor function, it is important to note 
that our current data suggest that it does not behave 
as an agonist in our celi growth assays in vitro or in 
nude mice. The results of an experiment that com- 
pares the effects of muMAb 4D5 on the growth of 



Table IV. MuMAb 4D5 Inhibits the Growth of a Human Breast 
Tumor (Murray) in Athymic Mice" 





Tumor weight (mg)* 




Group (n = 4) 


Day 20 


Day 


34 


PBS 


6.79 i 9.79 


36.0 ± 


30.7 


Control IgG (muMAb5B6) 


7.11 ± 5.48 


88.1 ± 


91.4 


muMAb4D5 


1.48 ± 1.10 


6.5 ± 


6.4 



"Administered as equally-divided intravenous doses on days 7, 
10, and 13 post tumor implantation. 
*Data are mean ± standard deviation (SD) (n - 4). 



MCF-7 and SK-BR-3 breast tumor cells are shown 
in Fig. 6. These data demonstrate that muMAb 4D5 
has no effect on the growth of nonoverexpressing 
tumor cells (MCF-7; Tables III, VII) at any of the 
doses tested between 0.7 pM and 67 nAf. Also, 
whatever allows the muMAb 4D5 to have differen- 
tial effects on overexpressing tumor cells, this dif- 
ference does not lie in different receptor affinities 
for the monoclonal antibody. Table VII clearly 
shows that SK-BR-3 and SK-OV-3, both pl85 HER2 
overexpressors, which are growth inhibited by 4D5, 
and MCF-7, which is not, all have similar affinities 
for muMAb 4D5. The clearest difference between 
these cell lines is the number of binding sites per 
tumor cell. These data are consistent with other 
work that has been previously reported with tumor 
cells in monolayer culture or in soft agar (18, 19, 
25). 

A possible mechanistic explanation, which takes 
many of our experimental observations into ac- 
count, is a model in which muMAb 4D5 binds 



Table V. Effect of muMAb 4D5 on Phosphoamino Acid 
Content of p!85 HER2 in SK-BR-3 Cells 





Phospho- 


Phospho- 


Phospho- 




tyrosine 


serine 


threonine 


Treatment 


cpm" % b 


cpm % 


cpm % 


None 


11 1.5 


564 75 


176 23.5 


muMAb4D5 


827 14.0 


3,658 62.0 


1,429 24.0 



a Phosphoamino acids as cpm are expressed following back- 
aground subtraction (17 cpm for none, 21 cpm for muMAb4D5). 
Percentage of total phosphoamino acids. 
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Table VI. Effect of muMAb 4D5 or 6E9 Monoclonal 
Antibodies on jn-l,2-diacylglycerol levels in SK-BR-3 Cells 



Time 


Treatment 


pmol j/i-1,2- 
DAG/10 6 cells 


% change 


5 min 


Vehicle 


111.0 ± 10 


0 


5 min 


muMAb4D5 


133.2 ± 11.3 


+20 


5 min 


muMAb6E9 


133.3 ± 12.9 


+20 


24 hr 


Vehicle 


98.6 ± 9.6 


0 


24 hr 


muMAb4D5 


62.1 * 7.4 


-37 


24 hr 


muMAb6E9 


92.0 ± 12.7 


-7 



"Following incubation with monoclonal antibody (33 nAf) or 
vehicle (PBS) control , the reactions were terminated by aspi- 
rating the media and adding I ml of ice-cold 100% MeOH. Cells 
were scraped from the plates and transferred to 13 x 100-mm 
glass tubes containing 1 ml 100% chloroform. Plates were rinsed 
with an additional 1 ml of cold methanol, and the rinses 
combined and mixed thoroughly. Following phase separation at 
room temperature for 30 min, I ml methanol and 1 ml NaCI were 
added, the samples were centrifuged at 3000 rpm for 5 min, and 
the top aqueous layer was aspirated. The remaining organic 
phase was assayed for jn-l,2-diacylglycerol by standard proce- 
dures. 

tightly to p!85 HER2 , excludes ligand binding, stim- 
ulates receptor internalization, and downregulates 
receptor signaling pathways as a result of constitu- 
tive activation of tyrosine kinase activity that re- 
sults from nondissociation of the muMAB 4D5/ 
pl85 HER2 complex during receptor cycling. This 
hypothesis has additional support from our obser- 




»k 

0 .0001 .001 .01 .1 1 10 100 
4D5 (nM) 

Fig. 6. MuMAb 4D5 does not stimulate proliferation of breast 
tumor cells. Cells were plated and the assay performed as 
described (31). MCF-7 breast tumor cells (squares) are compared 
with the SK-BR-3 tumor cell line (circles). MCF-7 expresses a 
low amount of p!85 HER2 , while SK-BR-3 expresses about 33-fold 
more (Table III). Coefficient of variation was less than 10%. 



Table VIJ. Monoclonal Antibody Binding to Cultured Human 
Adenocarcinoma Cells 



Cell line 






Receptor no. 


Growth 


Antibody 


AT d (nAf) 


(sites/cell) 


inhibition 0 


SK-BR-3 


muMAb4D5 


6.0 


926.650 


* 


SK-OV-3 


muMAb4D5 


5.0 


428.930 


m 


MCF7 


muMAb4D5 


1.2 


5.525 





"Growth inhibition was measured as described in the footnotes to 
Table II. 

♦Statistically significant inhibition of growth (/»<0.05) as com- 
pared to an untreated control. 



vations that the monoclonal antibody is not de- 
graded following internalization (30) and, in the 
nude mouse experiments, localizes to and remains 
at the tumor site for more than 7 days following a 
single administration of antibody (D.M., personal 
communication). Such downregulation could result 
from activation of the serine-threonine protein ki- 
nase C, which is known to downregulate the func- 
tion of other receptor tyrosine kinases (5). The 
mechanism of action of muMAb 4D5 remains a 
subject for continuing work. 

SUMMARY AND CONCLUSIONS 

A convincing body of clinical and experimental 
evidence supports the role of p!85 HER2 in the pro- 
gression of human cancers characterized by the 
overexpression of this protooncogene product. Im- 
portant aspects of this evidence include the wors- 
ened prognosis of breast, ovarian, and non-small 
cell lung carcinoma patients whose tumors overex- 
press pl85 HER2 , as well as observations that indi- 
cate that modulation of pl85 HER2 activity by 
muMAb 4D5 can reverse many of the properties 
associated with tumor progression mediated by a 
growth factor receptor. The properties of muMAb 
4D5 that indicate its potential usefulness for the 
therapy of human cancers characterized by the 
overexpression of pl85 HER2 are as follows: (i) 
downregulation of receptors from the cell surface 
(30); (ii) reversal of the transformed phenotype [as 
measured by inhibition of colony formation in soft 
agar of p|85 HER2 overexpressing tumor cells (25, 
31)]; (iii) inhibition of the proliferation of overex- 
pressing breast and ovarian tumor cells in mono- 
layer culture (Tables II, III); (iv) reversal of the 
TNF-ct resistant phenotype of breast tumor cells 
overexpressing p!85 HER2 (Fig. 4) (31); (v) enhance- 
ment of the sensitivity to cisplatin of the SK-BR-3 
breast tumor cell line in vitro (Fig. 5); and (vi) 
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inhibition of the growth of breast tumor xenografts 
in a nude mouse model, which may be enhanced 
when the animals bearing human breast xenografts 
are also treated with cisplatin (Tables IV, V). 

The evidence supporting a role for pI85 HER2 
overexpression in human cancer makes this recep- 
tor an attractive target for development of cancer 
therapeutics. Our first exploration of this system 
with muMAb 4D5 will allow us to obtain informa- 
tion regarding antibody localization and possibly 
efficacy in combination with cisplatin or as a result 
of induction of macrophage sensitivity. The 
muMAb 4D5 also serves as a template for antibody 
engineering efforts to construct humanized versions 
more suitable for chronic therapy or other mole- 
cules which may be directly cytotoxic for tumor 
cells overexpressing the HER2 protooncogene. 
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COMBINATION BENEFIT OF TREATMENT WITH THE 
CYTOKINE INHIBITORS INTERLEUKIN-1 RECEPTOR ANTAGONIST AND 
PEGylated SOLUBLE TUMOR NECROSIS FACTOR RECEPTOR TYPE I 
IN ANIMAL MODELS OF RHEUMATOID ARTHRITIS 



ALISON M. BENDELE, ELIZABETH S. CHLIPALA, JON SCHERRER, JANET FRAZffiR 
GINA SENNELLO, WILLIAM J. RICH, and CARL K. EDWARDS, ni 



Objective. To determine the potential for additive 
or synergistic effects of combination therapy with the 
recombinant anticytokine agents interieukin-1 receptor 
antagonist (IL-IRa) and PEGylated soluble tumor ne- 
crosis factor receptor type I (PEG sTNFRI) in estab- 
lished type n collagen-induced arthritis (CIA) and 
developing adjuvant-induced arthritis (AIA) in rats. 

Methods. Rats with established CIA or developing 
AIA were treated with various doses of IL-IRa in a 
slow-release hyaluronic acid vehicle or with PEG 
sTNFRI, either alone or in combination with the IL- 
IRa* The effects of treatment were monitored by sequen- 
tial caliper measurements of the ankle Joints or hind 
paw volumes, final paw weights, and histologic evalua- 
tion with particular emphasis on bone and cartilage 
lesions. 

Results. Combination therapy with IL-IRa and 
PEG sTNFRI in rats with CIA resulted in an additive 
effect on clinical and histologic parameters when mod- 
erately to highly efficacious doses of each protein were 
administered. Greater-than-additive effects were seen 
when an inactive dose of IL-IRa was given in combina- 
tion with moderately to minimally active doses of PEG 
sTNFRI. Plasma levels associated with the latter effect 
(for both proteins) were similar to those seen in rheu- 
matoid arthritis (RA) patients in clinical trials with 
these agents. Combination therapy in the AIA model 
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generally resulted in additive effects, but some para- 
meters showed a greater-than-addftive benefit. 

Conclusion. The results provide preclinical sup- 
port for the hypothesis that IL-IRa administered in 
combination with PEG sTNFRI might provide substan- 
tially more clinical benefit to RA patients than either 
agent alone at blood levels that are currently achievable 
in patients* 

Rheumatoid arthritis (RA) is a chronic disease 
characterized by inflammation of the joints with con- 
comitant destruction of cartilage and bone. The involve- 
ment of cytokines, particularly interleukin-1 (IL-1) and 
tumor necrosis factor a (TNFa), in the pathogenesis of 
RA is now well accepted as a result of numerous studies 
in animal models as well as in humans with the disease 
(1-11). The IL-1 receptor antagonist (IHRa) is a 
specific receptor antagonist that competitively inhibits 
the binding of IL-10 and IL-la to human and animal 
types I and II H^l receptors (12). Several clinical trials 
have been completed in which IL-IRa has been admin- 
istered long term to patients with RA (13,14). The 
results indicate that treatment with ILIRa lowers the 
levels of acute-phase proteins and the counts of swollen 
joints and may inhibit radiographic progression of dis- 
ease (14,15). This protein has proved efficacious in 
various animal models of arthritis, both alone (10,11) 
and in combination with methotrexate (16), where the 
potential for additive effects was demonstrated. 

Treatment with soluble TNF receptors (sTNFR) 
and antibodies to TNF has been shown to be clinically 
efficacious in RA patients (17-21). Animal models of 
arthritis in which these agents were evaluated predicted 
the excellent clinical response in humans (22-27). Sev- 
eral animal studies have focused on the efficacy of the 
high-affinity, monomerk PEGylated type I TNFR (PEG 
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TNFRI) administered alone (28) or in combination with 
other agents, such as methotrexate, dexamethasone, and 
indomethacin (29,30), where the potential for additive 
or synergistic effects was shown. 

The purpose of the present study was to deter- 
mine the potential benefit of combination treatment 
with the specific cytokine inhibitors IL-IRa and PEG 
sTNFRI when given at dosages designed to achieve 
clinically relevant blood levels in order to support the 
clinical investigation of this approach. 

MATERIALS AND METHODS 

Animals. Female and male Lewis rats (175-225 gm; 
Charles River, Portage, MI) were used in these studies. 
Animals were allowed to acclimate for at least 7 days prior to 
initiation of experiments. Rats were housed in polycarbonate 
cages (2-4 per cage) and were allowed ad libitum access to 
food and water. All animal use was in accordance with the 
United States Department of Agriculture guidelines for hu- 
mane care. 

Materials. Recombinant IL-IRa m hyaluronic acid 
(HA; 20 or 100 mg/ml) (10) and PEG recombinant sTNFRI (3, 
1, or 0.3 mg/ml) (31) were produced at Amgen (Thousand 
Oaks, CA). Freund's complete adjuvant and Freund*s incom- 
plete adjuvant were obtained from Sigma (St. Louis, MO) and 
Difco (Detroit, MI), respectively. The synthetic adjuvant A^,A^- 
dic^IoMecyl-AP,//-fctf(2-hycto^ (LA) 
was from BolderPath (Boulder, CO). Type II collagen was 
purchased from Hastin Products (Owensville, MO). 

Induction and treatment of collagen-induced arthritis 
(CIA) and evaluation of clinical effects. Female rats (8 per 
group) were given intradermal/subcutaneous (SC) injections of 
bovine type n collagen (2 mg/ml in Freund's incomplete 
adjuvant) at a single site at the base of the tail and over the 
back at 2 sites (250 *il in divided doses) on day 0 and day 7. 
Arthritis onset occurred on days 12, 13, and 14; as rats 
developed disease, they were randomized to study groups. 
Treatment was initiated on the first day that clinical signs of 
arthritis were clearly visible, as evidenced by ankle joint 
swelling. 

IL-IRa in the sustained-release delivery system of HA 
and PEG sTNFRI in phosphate buffered saline (PBS) vehicle 
were given alone and in combination. Treatment with IL-IRa 
(100 or 20 mg/kg) in HA was administered SC beginning on 
day 1 of arthritis and continuing through day 6. Treatment with 
PEG sTNFRI (3, 1, or 03 mg/kg) was given intraperitoneally 
(IP) in PBS on days 1, 3, and 5 of clinical arthritis. Vehicle- 
treated control rats were given HA (SC on days 1-6) or PBS 
(IP on days 1, 3, and 5). 

Caliper measurements of ankle joint diameter were 
made prior to the onset of arthritis, on the day of random- 
ization (day 1 of arthritis), and on each subsequent study 
day until termination of the study on day 7 of arthritis. At 
termination, the tibio tarsal joint was transected at the level 
of the medial and lateral malleolus for determination of paw 
weights as another measure of inflammation. Hind paws and 



knee joints were then collected into formalin for histopatho- 
logic evaluation. 

Induction and treatment of adjuvant-induced arthritis 
(AIA) and evaluation of clinical effects. Male rats (5-7 per 
group) were given a single SC (base of tail) injection of 100 /J 
of Freund's complete adjuvant to which 5 mg/ml of LA had 
been added. In this model, systemic inflammatory disease 
occurs in various tissues, including the spleen and liver, as welt 
as in most joints (32-34). 

IL-IRa in the sustained release delivery system of HA 
and PEG sTNFRI in PBS were given alone and in combina- 
tion. Treatment with IL-IRa (100 mg/kg) in HA was adminis- 
tered SC beginning on day 8 post-adjuvant injection and 
continuing through day 13. Treatment with PEG sTNFRI (3 or 
1 mg/kg) in PBS was given IP on days 9, 11, and 13. 

Caliper measurements of ankle joint width were made 
prior to the onset of arthritis, and then every other day until 
the study was terminated on day 15 post-adjuvant injection. 
Hind paw volumes and body weights were measured on days 9, 
11, 12, 14, and 15. At termination, the Ubiotarsal joint was 
transected at the level of the medial and lateral malleolus for 
determination of paw weights as another measure of inflam- 
mation. Spleen and liver were trimmed of extraneous tissue 
and weighed. The hind paws and spleen were then collected 
into formalin for histopathologic evaluation. 

Histopathology. Ankle joints (OA and AIA) and knee 
joints (CIA only) were collected into 10% neutral buffered 
formalin and maintained for at least 24 hours prior to place- 
ment in SurgiPath Decalcifier 1 solution (Grayslake, IL) for -1 
week. When decalcification was complete, the digits were 
trimmed, and the ankle joint was transected in the longitudinal 
plane to give 2 approximately equal portions. Knee joints were 
transected in the frontal plane to give 2 approximately equal 
portions. These were processed for paraffin embedding, sec- 
tioned, and stained with hematoxylin and eosin for general 
evaluation and with toluidine blue for specific evaluation of 
cartilage changes. Multiple sections were prepared to ensure 
that the distal tibia was present with both cortices and that 
abundant distal tibial medullary space was available for eval- 
uation. 

Ankles from rats with AIA were scored for inflamma- 
tion and bone resorption according to the following criteria 
(0-5 scales) (34). For bone resorption, scores were 0 = normal, 
1 = minimal — small areas of resorption in distal tibial trabec- 
ular or cortical bone, not readily apparent on low magnifica- 
tion, rare osteoclasts, 2 = mild— more numerous areas of 
resorption in distal tibial trabecular or cortical bone, not 
readily apparent on low magnification, osteoclasts more nu- 
merous, 3 - moderate— obvious resorption of medullary 
trabecular and cortical bone without noil-thickness defects in 
the cortex, loss of some medullary trabeculae, lesion apparent 
on low magnification, osteoclasts more numerous, 4 = 
marked— full-thickness defects in cortical bone, often with 
distortion of profile of the remaining cortical surface, marked 
loss of medullary bone of the distal tibia, numerous osteoclasts, 
no resorption in smaller tarsal bones, and 5 = severe— full- 
thickness defects in cortical bone, often with distortion of 
profile of the remaining cortical surface, marked loss of 
medullary bone of the distal tibia, numerous osteoclasts, 
resorption also present in smaller tarsal bones. 

For inflammation, scores were 0 - normal, 1 - 
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Figure 1. Changes in ankle joint diameter over time in rats with type II collagen-induced arthritis. A» Rats were treated with vehicles alone 
(hyaluronic acid [HA] for interleukin-l receptor antagonist (IL-lRaJ subcutaneously [Sq every day and phosphate buffered saline for PEGylated 
soluble tumor necrosis factor a receptor type 1 [PEG sTNFRIJ ioiraperitoneaDy [IP] every other day), with 100 mg/kg of IL1IU SC every day and 
vehicle IP every other day, with 3 mg/kg of PEG sTNF-RI IP every other day and HA SC every day, or with IL-lRa and PEG sTNFRI in 
combination. The combination therapy produced additive benefits for ankle swelling, with the final measurements being similar to those of normal 
rats. B, Rats were treated with vehicles alone, with 20 mg/kg of IL-lRa SC every day and vehicle IP every other day, with 03 mg/kg of PEG sTNFRI 
IP every other day and HA SC every day, or with the combination of IL-lRa and PEG sTNFRL Combination therapy produced additive benefits 
on ankle joint swelling over time. AUC = area under the curve; Inhib = inhibition; n = 8 rats per group. 



minimal infiltration of inflammatory cells in periarticular 
tissue, 2 — mild infiltration, 3 = moderate infiltration with 
moderate edema, 4 = marked infiltration with marked edema, 
and 5 = severe infiltration with severe edema. 

Cartilage damage was not scored in the A1A model 
because we have generally found this to be a minor feature and 
therefore not reliable for evaluation of potential treatment 
effects* 

Histopathologic scoring for the tibiotarsal and knee 
joints of rats with CIA was similar to the inflammation and 
bone resorption scoring system used for rats with ALA. In 
addition, cartilage damage and pannus were scored because of 
the nature of the pathology in the CIA model. Cartilage 
damage was scored according to the following criteria (0-5 
scale): 0 = normal, 1 = minirnal-to-mild loss of toluidine blue 
staining with no obvious chondrocyte loss or collagen disrup- 
tion, 2 » mild loss of toluidine blue staining with focal mild 
(superficial) chondrocyte loss and/or collagen disruption, 3 = 
moderate loss of toluidine blue staining with multifocal mod- 
erate (to middle-zone depth) chondrocyte toss and/or collagen 
disruption, 4 = marked loss of toluidine blue staining with 
multifocal marked (to deep-zone depth) chondrocyte loss 
and/or collagen disruption, and 5 = severe diffuse loss of 
toluidine blue staining with multifocal severe (to tideraark 
depth) chondrocyte loss andVor collagen disruption. 

Spleens from rats with AIA were stained with hema- 
toxylin and eosin and evaluated microscopically for inhibition 
of the classic AIA pathology (lymphoid atrophy, increased 
extramedullar hematopoiesis, and pyogranulomatous inflam- 
mation in the white pulp) (32). 

The total histologic score comprises the composite 



total score of histologic parameters of inflammation, pannus 
formation, cartilage changes, and bone resorption (1134). 

Plasma IL-lRa determination. Blood samples for de- 
terminations of plasma levels of IL-lRa were collected from 
the tail veins of isoflurane-anesthetized rats at various times 
postdosing with 20 or 100 mg/kg of IL-lRa in HA. Samples 
were analyzed using an enzyme-linked immunosorbent assay 
with an antibody to IMRa prepared (R&D Systems, Minne- 
apolis, MN). The sensitivity of the assay was 22 pg/ml 

Statistical analysis. Clinical data tor ankle width and 
paw volumes in each model were analyzed by determining the 
area under the dosing curve (AUC), with subsequent application 
of Student's r-test to these values. Paw, spleen, and liver weights 
and histopathology parameters for each group (mean ± SEM) 
were analyzed for differences using Student's /-test 

RESULTS 

Effects of combination therapy on established 
CIA. All animals had arthritis of similar severity at study 
inception, as evidenced by comparable mean ankle joint 
diameters on day 1, when randomization occurred and 
treatment was initiated (Figures 1A and B). Rats given 
daily doses of 100 mg/kg of IL-lRa in HA had good 
inhibition of paw swelling over time (expressed as the 
AUC) and final paw weights, while those treated with 20 
mg/kg IL-lRa in HA had mmimal beneficial effects on 
these clinical parameters (Table 1). 
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Figure 2. Changes in histologic parameters io Che ankle joints (A and B) and knee joints (C) of rats with type H coJlageiwndoced arthritis. A, Rats 
were treated with vehicles aiooe (HA for IL-lRa SC every day and phosphate buffered saline for PEG sTNFRI vehicle IP every other day) with 
100 rag/kg of IMRa SC every day and vehicle IP every other day, with 3 mgftg of PEG sTNFRI IP every other day and HA SC every day, or with 
IL-lRa and PEG sTNFRI in combination. Combination therapy produced additive benefits on all parameters, resulting in dramatic inhibition of 
ankle joint pathology. B, Rats were treated with vehicles alone, with 20 mgfcg of IL-lRa SC every day and vehicle I P every other day with 03 mgfe 
of sTNFRI IP every other day and HA SC every day, or with IMRa and PEG sTNFRI in combination. Combination therapy produced 
greater-than-additrve benefits on all parameters, resulting in good inhibition of ankle joint pathology. C, Rats were treated as in B, at the same 
dosages and protocol. Combination therapy produced greater-than-additive benefits on all parameters, resulting in excellent inhibition of knee joint 
pathology. * « P s 0.QS versus control, by Student's 2-taited Meat; n = 8 rats per group. See Figure 1 for definition*. 



Microscopic evaluation of joints revealed good 
inhibition of ankle pathology and excellent inhibition of 
knee lesions in rats treated with 100 rug/kg of IL-lRa. 
The magnitude of inhibition of cartilage and bone 
lesions was generally similar at this dosage (Figures 
2A-Q. Treatment with IL-lRa at 20 mg/kg had little 
beneficial effect on histologic parameters in the ankle 



and the knee joints (Table 1). There was no beneficial 
effect on body weight gain with either dose of IL-lRa 
(Table 1). 

Treatment with PEG sTNFRI (3, 1, or 0.3 mg/kg) 
resulted in dose-responsive inhibition of the AUC for 
paw swelling, final paw weights, and total histologic 
scores for ankle joints (Table 1). Knee joint pathology 
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Figure 3. Photomicrographs of tohikHnc blue-stained ankle joints from rats with type 11 coUagen- 
induced arthritis. A, Normal control rat, showing intense staining of normal articular cartilage (arrow) and 
absence of infiltrate in the synovium, B, Arthritic, vehicle-treated control rat, showing severe infiltration 
of inflammatory cells into the synovium and markedly diminished overall toluidine blue staining of the 
cartilage, as well as pannus formation and destruction (arrows) of cartilage and subchondral bone. 
C, Arthritic rat treated with the combination of IL-IRa 100 mg/kg and PEG sTNFRl 3 mg/kg, showing 
largely intact (arrows) articular cartilage and subchondral bone, with mild inflammatory cell infiltration 
into ihe synovium. D, Arthritic rat treated with IL-IRa 20 mg/kg and PEG sTNFRl 03 mg/kg, showing 
mild Joss of proteoglycan from the articular cartilage, as evidenced by diminished toluidine blue staining. 
However, the collagenous portion of the cartilage is largely intact (arrow), and there is little evidence of 
subchondral bone resorption. The synovium has moderate inflammatory cell infiltration. Sec Figure 1 for 
definitions. 



was not inhibited significantly by any dosage of PEG 
sTNFRl (Table 1). The magnitude of inhibition of bone 
resorption was consistently greater than that of cartilage 
damage at all doses of PEG sTNFRl in both the knee 
and the ankle joints. There was no beneficial effect on 
body weight gain with any dose of PEG sTNFRl alone. 

Combination therapy with II^lRa 100 mg/kg and 
PEG sTNFRl (all doses) resulted in additive beneficial 
effects on the AUC for paw swelling and final paw 
weights, with all combinations resulting in excellent 
amelioration of the clinical signs of arthritis (Table 1). In 
addition, significant benefit was also observed on body 
weight gain (Table 1). Additive effects on ankle swelling 
(resulting in 88% inhibition of the AUC) over time were 
found for the combination of 100 mg/kg IL-IRa and 3 
mg/kg PEG sTNFRl (Figure 1A). Additive effects were 
generally seen on the histologic parameters, except that 
rats treated with the combination of 100 mg/kg IL-IRa 



and 0.3 mg/kg PEG sTNFRl had greater-than-additive 
effects on the histologic scores in both the ankle and the 
knee (Table 1). Additive effects on histologic para- 
meters for the combination of 100 mg/kg IL-IRa and 3 
mg/kg PEG sTNFRl are shown in Figure 2A. 

Combination therapy with Il^lRa 20 mg/kg and 
PEG sTNFRl (all doses) resulted in greater-than- 
additive beneficial effects on the AUC for paw swelling 
and the final paw weights, with all combinations result- 
ing in good-to-excellent amelioration of the clinical signs 
of arthritis (Table 1). In addition, significant benefit on 
body weight gain (Table 1) was also observed. Additive 
effects on ankle swelling (resulting in 54% inhibition of 
the AUC) over time are shown for the combination of 20 
mg/kg IL-IRa and 03 mg/kg PEG sTNFRl in Figure IB. 
Effects seen on the histologic parameters with these 
combinations were much greater than additive and were 
excellent in all cases (Table 1). Greater-than-additive 
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Figure 4. Changes in ankle paw volume over time in rats with 
adjuvant-induced arthritis treated with vehicles alone (HA for IL-IRa 
SC every day and phosphate buffered saline for PEG sTNFRI IP every 
other day), with 100 mg/kg of IL-IRa SC every day and vehicle IP 
every other day, with 3 mg/kg of PEG sTNFRI IP every other day and 
HA SC every day, or with IL-IRa and PEG sTNFRI in combination. 
Combination therapy produced additive to slightly greater than addi- 
tive benefits on ankle swelling over time. * = ?s 0.05 versus control, 
by Student's 2-taited /-test; n - 8 rats per group. See Figure 1 for 
definitions. 



effects on histologic parameters for the combination of 
20 mg/kg IL-IRa and 0.3 mg/kg PEG sTNFRI are shown 
in Figures 2B and C, as well as in Figure 3. 

Effects of combination therapy on developing 
AIA. Treatment with IL-IRa alone resulted in minimal 
inhibition of ankle joint swelling in rats with AIA. 
Treatment with 3 m^kg PEG sTNFRI resulted in 35% 
inhibition of final paw weights (Table 2 and Figure 4). 
Combination therapy yielded 70% inhibition of paw 
swelling over time (expressed as the AUC) and 65% 
inhibition of final paw weights. Combination benefit was 
also seen on inhibition of inflammation in the spleen and 
liver, as assessed by the weights of these organs (Table 
2). Histopathologic evaluation of the spleen confirmed 
that the beneficial effects of treatment on spleen weights 
were associated with a return to normal morphology in 
animals given the combination therapy (results not 
shown). Body weight change associated with AIA 
showed modest benefit with either treatment alone and 
mildly increased benefit with combination treatment 
(data not shown). 

Histologic parameters of inflammation and bone 
resorption were moderately decreased with either treat- 
ment alone and dramatically decreased when the treat- 
ments were administered in combination (Figure 5 and 
Table 2). Administration of a lower dose of PEG 
sTNFRI (1 mg/kg) in combination with IL-IRa also 



resulted in additive effects on the various parameters 
(Table 2). 

Plasma levels of IL-IRa in rats treated with 20 or 
100 mg/kg of IL-IRa in HA. Peak ievels of IL-IRa after 
a single SC injection of 100 mg/kg were 9 jig/ml at 6 
hours postdosrag (Figure 6) and fell below 1 /tg/ml 24 
hours after injection. Peak levels of IL-IRa after a single 
SC injection of 20 mg/kg were 2 ftg/ml at 3 hours 
postdosing (Figure 6) and fell below 0.08 ^g/ml 24 hours 
after injection. 

DISCUSSION 

The findings of the present study demonstrate 
that combination therapy with higher, more efficacious 
doses of IL4Ra and PEG sTNFRI results in additive 
effects in rats with established CIA. Minimally effective 
doses of PEG sTNFRI (03 mg/kg) in combination with 
ineffective doses of IL-IRa (20 mg/kg) result in much 
greater than additive effects on all parameters and 
excellent overall inhibition of established arthritis. 

IL-1 appears to be an important mediator of OA 
in rats. In rats treated with daily doses of 100 mg/kg of 
IL-IRa in HA, 50% inhibition (by AUC) to 66% inhi- 
bition (by paw weight) of clinical parameters of estab- 




Treatment Group* 

Figure 5. Change* in histologic parameters of inflammation and bone 
resorption in rats with adjuvant-induced arthritis treated with vehicles 
alone (HA for IH Ra SC every day and phosphate buffered saline for 
PEG sTNFRI IP every other day), with 100 mg/kg of IL-1 Ra SC every 
day and vehicle IP every other day, with 3 rog/Kg of PEG sTNFRI IP 
every other day and HA SC every day. or with IHRa and PEG 
sTNFRI to combination. Combination therapy produced additive 
benefits on inflammation and bone resorption, resulting in 100% 
inhibition of the aggressive bone resorption that occurs in this disease 
and excellent uih&ition of periarticular inflammation. * « P s 0.05 
versus controls, by Student's 2-tailed /-test; n = 8 rats per group. Sec 
Figure 1 for definitions. 
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Figure 6. Plasma concentrations of interleukin-l receptor antagonist 
(IL-lRa) in rats treated with single subcutaneous doses of 20 mg/kg or 
100 mg/kg in the slow-release vehicle hyaluronic add. 

lished arthritis was achieved. Histologic changes in knee 
joints were dramatically suppressed (88%) at this dos- 
age. This dosing regimen results in blood levels of 6-9 
jig/ml for 1-8 hours after the dose is administered, with 
the blood levels falling to 0,875 jig/ml at 24 hours, when 
the next dose is due. Although administration of IL-lRa 
in HA dramatically improves the pharmacokinetic pro- 
file over that seen with aqueous vehicles (10), 
continuous-infusion studies in which blood levels are 
maintained at —5 ^g/ml have shown even greater inhi- 
bition of this established arthritis (11), 

Since it is unlikely that similar continuously high 
blood levels would be achieved clinically, we chose to 
perform these combination studies using a regimen that 
more closely approximates the pharmacokinetic profile 
seen in humans given 2 mg/kg of IL-lRa (in its current 
aqueous vehicle), which results in approximate levels of 
1.2-1.6 ug/ml at 12 hours, 0.8 jig/ml at 18 hours, and 0.2 
jig/ml at 24 hours, when the next dose would be given 
(Bendele A: unpublished observations). The blood lev- 
els in rats treated with 100 mg/kg IMRa in HA are 
much higher (especially peak levels) than those seen in 
humans given 1-2 mg/kg. Blood levels (for the first 8 
hours postdosing) in rats given 20 mg/kg are similar to 
those in humans in current clinical trials who are receiv- 
ing dairy doses of 1-2 mg/kg, but trough levels at 24 
hours are much lower than those in humans. Therefore, 
the data from this study of combination therapy demon- 
strate efficacy in rodent models at blood levels of IL-lRa 
that are much higher than, as well as blood levels that 
are comparable to, those achieved with the 1-2 mg/kg 



dose currently being utilized in monotherapy trials with 
this agent, in which efficacy has been demonstrated 
(11,14,15). 

TNFa also appears to be an important mediator 
of established CIA in rats. Forty-six percent inhibition 
(by AUC and paw weight) of clinical parameters of 
established arthritis was achieved when rats were treated 
every other day with 3 mg/kg doses of PEG sTNFRI. 
This dosing regimen results in peak blood levels of 6.8 
Mg/ml at 24 hours, with the levels falling to 4.2 ^g/ml at 
48 hours, when the next dose is due (28). These blood 
levels are high compared with those being achieved in 
early phase I trials of this agent in humans (35). How- 
ever, the peak blood levels in rodents given 03 mg/kg 
(0.5 Mg/ml) to 1 mg/kg (25 ^g/ml) every other day are 
comparable to the peak levels in humans treated with 
similar weekly doses of PEG sTNFRI (28,3536). Effi- 
cacy data are not currently available for PEG sTNFRI; 
however, results of a previous trial with a dimeric PEG 
construct in which efficacy was measured suggested that 
average blood levels of —0.6 ^ig/ml were associated with 
swollen joint counts that were 55% of baseline (21). 

Therefore, this study of combination therapy in 
rats with established CIA demonstrates efficacy in asso- 
ciation with blood levels of both biologic agents that 
range from higher to lower than those that are currently 
being achieved in humans, thus providing a full range of 
potential scenarios. When both agents are given to- 
gether at the highest dosages (100 mg/kg of IL-lRa and 
3 mg/kg of PEG sTNFRI), near-total suppression of this 
aggressive established arthritis occurs, with the effects 
being additive compared with either agent alone. The 
combinations of 100 mg/kg of IL-lRa and either 1 mg/kg 
or 03 mg/kg of PEG sTNFRI (producing blood levels 
that are reasonably close to those seen in humans, 
especially with PEG sTNFRI), resulted in excellent 
additive (1 mg/kg) to greater-than-additive (03 mg/kg, 
histologic parameters only) effects on all aspects of CIA. 
When IL-lRa was given at a completely inactive dosage 
of 20 mg/kg (which results in blood levels that are much 
lower than the levels currently achieved in humans) in 
combination with the clinically relevant dosages of 1 
mg/kg or 0.3 mg/kg of PEG sTNFRI, patterns of efficacy 
were consistently greater than additive for all para- 
meters. These data suggest a potential for synergistic 
clinical effects at dosages of IL-lRa that are lower than 
those currently used and at dosages of PEG sTNFRI 
potentially lower than the dosages that have been pro- 
posed. 

Evaluation of efficacy in the rat model of devel- 
oping ALA utilized dosages of 100 mg/kg of IL-lRa and 
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either 3 mg/kg or 1 mg/kg of PEG sTNFRI. Additive to 
greater-than-additive effects were seen for all para- 
meters with both combinations. 

Although there are no human trials to date, the 
combination of 2 anticytokines, such as IL-IRa and an 
sTNFR, may offer greater efficacy than either agent 
alone (37,38). In a previously published animal study, 
the combination of IL-IRa with a dimeric TNFRI 
(TNFRI p55), TNF binding protein (21), or an ami- 
TNFa antibody significantly reduced disease activity in a 
murine model of streptococcal cell wall-induced arthri- 
tis (39). 

Further insight into the role of TNFa and IL-1 in 
inflammation and cartilage destruction has emerged 
from studies of experimental arthritis. In murine models, 
using zymosan, immune complexes, or T cell allergens as 
arthritogenic stimuli, it was shown that cartilage destruc- 
tion was highly dependent on IL-1, whereas TNFa 
involvement was limited (9,40). Finally, in a recently 
published study, the effects of neutralization of either 
TNFa or DL-1 on joint structures in established CIA in 
the murine model were studied (41). Both treatment 
with soluble TNF binding protein and treatment with 
anti-IL-1 ameliorated disease activity when adminis- 
tered shortly after the onset of CIA Serum analysis 
revealed that early treatment with anti-TNFa did not 
decrease the disease activity in the cartilage, as indicated 
by the elevated levels of cartilage oligomeric matrix 
protein (41). 

The biologic activities of IL-1 axe synergistic with 
other cytokines and growth factors; however, the syner- 
gism of IL-1 plus TNFa is highly consistent and has been 
frequently reported The synergism between IL-1 and 
TNFa is often observed in vivo (42,43), whereas the 
synergism between IL-1 and various growth factors 
relates mostly to cytokine production and prostanoid 
synthesis and is primarily an in vitro finding (43). The 
mechanism for synergy may involve receptor modula- 
tion, but TNF receptors are down-regulated by IL-1 
(44,45). Synergism may also be explained at the level of 
signal transduction (46). Since the signaling mechanism of 
IL-1 and TNFa appear to be similar, additive rather than 
synergistic effects should be observed. Part of the syner- 
gism in vivo may be explained by the ability of TNFa to 
induce IL-1 and vice versa (47). For example, during 
heat-killed Staphylococcus epidermidis-induced shock in 
rabbits, IL-IRa administration reduced circulating levels of 
TNFa (48), suggesting that endogenous IL-1 induces 
TNFa. In baboons with Escherichia co/i-induced shock, 
anti-TNFa treatment reduced circulating levels of IL1B 
(49), 



At present, there is no single molecular mecha- 
nism that would explain the synergism of IL-1 and 
TNFa. However, this synergism may explain why the 
combination of IL-IRa plus sTNFR was more effective 
in blocking disease in animal studies than either strategy 
alone. These findings require confirmation in humans. 

The basis for attributing part of the success of 
TNFa neutralization in RA to a decrease in the produc- 
tion of bioactive IL-1 can be found in a classic paper by 
Brennan et al (50). In that study, mixed cells from 
patients' synovial fluid or synovial tissues were cultured 
in the presence of neutralizing antibodies to human 
TNFa or rymphotoxin. Anti-TNFa dramatically reduced 
the spontaneous production of IL-1 activity, whereas 
anti-lymphotoxin did not (51). In RA patients treated 
with anti-TNFa agents, the reduction in circulating 
TLrip confirms Brennan's observation that IL-1 produc- 
tion in RA is under the control of TNFa. However, it 
would not be unexpected that some of the TNFa 
production in RA is also under the control of IL-L 

Our results in 2 well-established animal models 
of arthritis that have been reasonably predictive of 
clinical efficacy (34), using dosing protocols that result in 
realistic blood levels with respect to clinical applicability, 
support the clinical investigation of combination therapy 
with the specific cytokine inhibitors IL-IRa and PEG 
sTNFRI in RA patients. 
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Abstract 

Stroke is the third most common cause of death in the Western 
world. The mechanisms of brain damage in the affected areas 
are largely unknown. Hence, rational treatment strategies are 
limited. Previous experimental evidence suggested that 
cerebral lesions were less prominent In C095 (APCM/Fas)- 
deficient (Ipr) than in wild-type mice. Additional results 
strongly sugg ested that the CD95-ligand (CD95L) was a major 
cause of neuronal autocrine suicide in the penumbra. These 
data and the assumption that death-receptor systems might 
determine stroke-related damage in the brain prompted us to 
examine these systems in Jn vftro and in vivo models of 
ischemia We showed that hybrids of TNF-deficlent and oto 
mice were strongly resistant towards stroke-induced damage. 
To determine the mechanism of action of TNF and CD95L, we 
separately investigated their influence on primary Ischemic 
death and secondary Inflammatory injury. Inhibition of both 
TNF and CD95L in vftro prevented death of primary neurons 
Induced by oxygen-glucose deprivation and reperfusion. The 
recruitment of inflammatory cells to the ischemic hemisphere 
was abrogated In the absence of both TNF and CD95L 
Significantly, mice Injected with a mixture of neutralizing anti- 
TNF and anthCD95L antibodies 30 min after induction of 
stroke showeda marked decrease In both infarct volumes and 
mortality. Accordingly, the locomotor performance of these 
animals was not signlflcajttly impair^ 
operated animals. Thesedata reveal that inhibition of TNFand 
CD95L blocks stroke-related damageattwo levels, the primary 
ischemic and the secondary inflammatory injury. These 
results offer new approaches in stroke treatment Cefi Death 
and Differentiation (2001 ) 8, 679 - 686. 
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Introduction 

Stroke is the third most common cause of death in the 
Western world and the most important single cause of severe 
disability. 1 Current data show that there is a variable 
therapeutic window that may exceed 8-8 h 2 This interval 
is determined by formation of the ischemic penumbra. 
Evidence has accumulated that neurons in the ischemic 
penumbra undergo apoptosis. 3 Thus, neuroprotective strate- 
gies towards suppression of apoptosis may alleviate disease 
severity in stroke patients. 

Tumor necrosis factor-receptor-1 (TNFR1, p55, CD120a) 
and CD95 (APO-1, Fas) are members of the TNF-R 
superfamify invoked In triggering apoptosis. 4 " 8 Like other 
death receptors, they show a homologous cytoplasmic 
sequence crucial for the transduction of the apoptottc 
signal, the 'death domain'. 7 Their natural ligands, CD95- 
ligand (CD95L) and TNF are structurally related type II 
transmembrane proteins. Ligation of receptors by trimerfzed 
ligands leads to recruitment of the adaptor protein FADD 
(Fas-associated death domain, MORT1) 8 and caspase-8 
into a death inducing signaling complex. 9 Ca$pase*8 in the 
DISC is activated through self-cleavage 10 and commits the 
cell to apoptosis by activation of downstream effector 
caspases. Activation and cleavage of caspase-3 has been 
detected in the postishemic brain. 11 but controversy exists 
with regard to the steps upstream of caspase activation. 

Following brain ischemia, expression ot TNF, CD95L 
and CD95 is increased in the ischemic penumbra. 12 " 1 * The 
role of TNF in ischemic brain injury in wVo, however, is 
controversial. On the one hand, neutralization of endogen- 
ous TNF is reported to reduce infarct volume. 17 " 20 On the 
other hand, mice lacking TNF-receptor-1 (TNF-R 1; also 
called p55) or both TNF-R 1 and TNF-R2 (also called p75) 
showed enhanced ischemic damage 21,22 It is consistent 
with these data that administration of TNF prior to the 
ischemic insult significantly reduced infarct size 23 In 
contrast, the role of CD95/CD95L in ischemic brain 
disease seems to be deleterious, ipr mice, lacking 
functional CD95, exhibited a profound reduction of infarct 
size.' 4 In addition, in microglia, TNF facilitates CD95L- 
induced apoptosis 24 Whether these two ligand/receptor 
systems cooperate or counteract each other in the 
induction of ischemic damage remains unclear. 

In the present study we show that mice deficient for TNF 
(tnf-'-) or functional CD95L (gfcr) are protected against 
brain ischemia. This protection is greatly enhanced in mice 
lacking both ligand/receptor systems {gtd/tnf-'-). Most 
importantly, treatment of wild-type mice after induction of 
ischemia with antibodies against TNF and C095L 
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diminished infarct volumes and significantly improved 
survival of the animals. Intact functionality of rescued 
neurons in vivo was demonstrated by an almost normal 
locomotor performance of the treated animals 3 days after 
stroke. Thus, simultaneous neutralization of CD95L and 
TNF may alleviate the consequences of stroke. 



Results 

CD95L and TNF induce neuronal death 

To investigate the role of CD95L and TNF in ischemic brain 
damage, we took advantage of an in vitro model of oxygen- 
glucose deprivation (OGD). OGD in primary neuronal 
cultures is a common in vitro model tor studying earty 
mechanisms of vascular stroke damage in a system mostly 
consisting of neurons. 25 Primary cortical neurons were 
obtained from mice carrying a targeted disruption of the tnf 
gene (friT' - ), 28 from mice with mutated CD95L and 
impaired ability to successful interact with CD95 {gta) f 27 
from mice deficient in TNF with mutated CD95L (gUMnf''' ), 
and from wild-type mice (wt). Neuronal cultures were then 
subjected to 6 h OGD and 3, 18 and 24 h reperfusion. 
Whereas the absence of TNF markedly protected against 
OGD/re perfusion damage, protection due to the absence of 
a functional CD95L was less profound (Figure 1a). For as 
yet unknown reasons, despite frequent attempts neuronal 
ceDs derived from gjd/tnf~'~ mice could not be grown in 
culture. 

Tnf~'~ and gtd mice exhibit normal development and 
anatomy of the brain. This apparently normal 'cerebral- 
phenotype' may be due to compensatory mechanisms, 
which might norvspecifi catty protect against brain ischemia. 
To exclude this possibility, wild-type neurons were treated 
with CD95-Fc or TNF-R2-Fc proteins 15 min prior to 
induction of OGD. Administration of both CD95-Fc and 
TNF-R2-Fc had toxic effects for the cultures, as it has also 
been the experience of other groups. After 6 h of OGD and 
18 h reperfusion scavenging ol either CD95L or TNF-a 
reduced neurotoxicity of the cultures by 55 and 80%, 
respectively, compared to lgG1 (immunoglobulin G,) 
treated controls (Figure 1b). Therefore, inhibition of TNF 
and CD95L activity can specifically block OGD/reperfus ion- 
induced neuronal death. 



CD95L and TNF synergisticalfy promote cell death 
following brain ischemia 

To examine the in vivo role of TNF and CD95L and their 
possible interaction in ischemic brain damage we used 
tn1~ f ~ t gfd, gld/tnf~'~, and wild-type mice (wt), ail on 
C57BL/6 background. gfcfW'" mice showed no structural 
or morphological abnormalities of the brain as assessed by 
Nissl staining of coronal cryostat sections (data not shown). 

wt, gfd, tnf~'~ and gtd/tnf~'~ mice underwent 90 min 
occlusion of the middle cerebral artery (MCA) and 24 h 
reperfusion. Physiological parameters such as blood 
pressure, blood pH, p02, pC0 2 and glucose measured 
before, during and after MCA occlusion did not significantly 
differ between the different animal groups (data not shown). 
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Figure 1 Protection against ischemic death in an in vitro mode) ol vascular 
stroke, (a) Cortical neurons from wild-typo, gfd and tnf*'" mice were 
subjected to 6 h of oxygen-glucose deprivation [OGD) and increasing 
reperfusion periods (R). Specific death was assessed at 3, 1B and 24h of 
reperfusion (R). (b) Cortical neurons from wild- type animals were incubated 
with CD95-Fc and TNF-R2-Fc proteins (20pg/ml each) prior to induction of 6h 
OGD and 18h of reperfusion; specific death was assessed at the end of the 
reperfusion period. Incubation witi control immunoglobulin (IgGi)dkl not have 
any effect on neurotoxicity of the cultures. CeU deati was assessed by trypan- 
blue exclusion and given as the means ± S O. (n=3). Differences between per 
cent of cen death In wt and gfd and mr'" animate were statistically significant 
(P<0.05 and P<0.00009, respectively). The same applied to the treated 
groups: lgG1 and CD95-Fc and TNF-R2-Fc treated celts (P< 0.009 and 
P< 00001, respectively) as assessed by student Rest 



The mean infarct volume exhibited by wt-animals was in 
good concordance with that obtained by other groups in 
similar models. 21 *• Data from mice which did not exhtoit an 
ischemic lesion (10% wt, 30% operand 40% tnf- f ~ and QMS/ 
tnf- 1 - mice) or from mice who tied before the end of the 
24 h observation period (Figure 2a) were not included in 
the analyses of infarct volume. 

In gld and tn(~ f ~ mice the infarct volume was 
significantly reduced by about 54 and 67%, respectively, 
compared to wt mice (23.23 ±4.97 mm 3 , n=8, and 
16.44+7.24 mm 3 , n=7, versus 54.66 ±6.32 mm 3 , n-9, 
respectively, both P<0.01; Figure 2b). Surprisingly, 
neuroprotection was greaUy enhanced by the absence of 
both CD95L and TNF. gfd/tnf-'- mice exhibited a mean 
infarct volume significantly smaller than wt animals 
(3 t 97±1.52mm 3 , n=8\ P< 0.0001; Rgure a). TNF and 
CD95L have an additive effect in infarct extension as 
assessed by two factorial variance analysis. 
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Figure 2 Ischemic brain damage is reduced in pW. tor'- and QtdtoiT'- 
mfce. (a) mortalty within 24 h after occlusion of me middle cerebral artery 
(MCA) in wild-type (na14), pW(/*17), tnT'- (r*l3), and gtatnr'- (/tal5) 
mice, (b) infarct volume after transient focal ischemia in wild-type (ns9). gtd 
(n=8), toT' - (/J=7), and gtMnr'- {n=8) mica. Animals were subjected to 
90mm occlusion of the MCA and 24 h reperfusion as described. Cryostat 
coronal sections, 20>xm tuck and 400 /an apart from each other were silver- 
stained. The volume of infarction was determined by numeric integration of 
areas of marked paDor with section thickness. Data are presented as the 
means +S.E.M. Significance was determined by comparing gfd, tor'-, and 
gWmr'~ mice to wld-type mice by using the Mann-Whitney*' tMest 
(P<0.01, P<0.01, and P<0.0OO1, respectively), (c) Image analysis of the 
regional infarct frequencies of the coronal section at bregma -2.3 mm from 
wild-type, gfd, tnr'~ t and gfcMnr'- mice reveals a relative sparing of the 
motor and somatosensory cortex and striatum in gkt mice and of the entire 
adjacent neocortex, striatum and thalamus in tnT*' mice. In gtd/tnr'~ mice 
the hippocampus was almost the only affected area. MCx, motor cortex; SSCx, 
somatosensory cortex; He. hippocarnpus; 7h, thalamus; St, Striatum, (d) 
Immunohistochamtcal analysis for CDB5L was performed in brain sections 
from wad-type subjected to 90min MCA occtoion and 24 h reperfusion. 
CD9SL was found in cells In the ischemic penumbra (isch) but not in the 
corresponding region in the contralateral hemisphere (co) 



The spared areas in the tof~*~ and &d mice belong to 
the ischemic penumbra - a region surrounding the necrotic 
core with diminished cerebral blood flow where neurons are 
at risk of undergoing apoptosis. In these areas TNF has 
been reported to be expressed in neurons. 13 With regard to 
CD95L we already showed expression of this protein in the 
ischemic penumbra in the rat 14 Here we found that in wt 
mice subjected to 90 min MCA occlusion and 24 h 
reperfusion, CD95L is expressed in the regions surround- 
ing the necrotic core but not in the corresponding regions <n 
the contralateral hemisphere (Figure 2d). Expression ol 
CD95L was not detectable in the brains of shanvoperated 
animals or in control statnings performed with Isotype 
control IgG or without the first antibody, whereas It was 
found in tumors transfected with murine-CD95L and In the 
mouse thymus (data not shown). 

CD95L and TNF mediate the recruitment of 
inflammatory cells following stroke 

In vivo, cytokine production and adhesive events occur early 
following cerebral blood flow reduction. 29 TNF, produced by 
the ischemic parenchyma, contributes to the expression of 
cellular adhesion molecules of endothelial cells such as, 
intercellular adhesion moleciie-1 (ICAM-1), vascular cell 
adhesion molecule-1 (VCAM-1) and endothellaHeukocyte 
adhesion molecule- 1 (E-setectin); aetosion molecules facil- 
itate the recruitment of inflammatory cells to the ischemic 
lesion. Similar chemotactic properties have been described 
for CD95L in tumors, 30 - 31 These data prompted us to ask 
whether in addition to the death promoting rote of CD95L and 
TNF lollowing ischemia, these two molecules could contribute 
to the ischemic injury through the recruitment of Inflammatory 
cells. To address this question in brain sections from wt, gfd, 
tnf-'~ and gfd/tnr f ~ mice (each n=3) that underwent focal 
ischemia (90 min MCA occlusion and 24 h reperfusion) the 
number of infirtrating granulocytes and lymphocytes was 
determined by irnmunoautoradiography (Figure 3). Control 
stainings without first antibody or of brain sections from sham- 
operated animals were negative (data not shown). Quantita- 
tive analysis of autoradiograms standardized by infarcted 
volume, revealed a decreased granulocyte infiltration in 
fin/-'- and gld/mf'*' mice (Figure 3). The extent of 
lymphocyte infiltration was similar in wt, in ptfand in m/"'" 
animals and higher in gkVtnf''- mice, possibly due to 
persistent survival rather than to increased infiltration (Figure 
3). These data confirm the chemotactic effect of TNF towards 
granulocytes following ischemia. 



The regional infarct distribution in the coronal plane was 
analyzed by averaging infarct areas (coronal section at 
bregma -2.3 mm). The resuftmg frequency density map 
reveals a relative sparing of the motor and somatosensory 
cortex and striatum in gtd mice and a relative sparing of the 
entire adjacent neocortex, striatum and thalamus in tnf f - 
mice (Figure 2c). in gMtof-'- mice striatum, cortex and 
thalamus remain unaffected by the ischemic insult and 
damage is mainly restricted to the hippocampus (Figure 
2c). 



Treatment with anbVTNF and anti-CD95L antibodies 
reduces Ischemic Injury 

To find out whether the data obtained from knockout animals 
can be the basis for therapy, we also investigated the effect of 
in vivo therapeutic neutralization of TNF and CD95L following 
focai ischemia in viva Wild type mice were Lp. injected with 
anti-TNF and anti-CD95L antibodies (50 vg each) 30 min 
after occlusion of MCA - a time point which would reflect later 
time points In humans, since the basal metabolic rate in 
humans is lower than in rodents. 32 This fed to a significant 



C»l Dettfi end DffftfMtiettoQ 



C095-B{and and TNF in ttroU 

A MartrWlalba et a/ 



682 



190 




a - 



i- 



oo 




100% 



Figure 3 Infiltration by inflammatory cells of me ischemic brain. Infiltration by 
granulocytes or lymphocytes of tha ischemic brains from wild-type, gfd, tnr , ~ 
and gWtnf-' mice (each «=3) was quantified by autoirnmunoiariiography. 
Brain sections from brains subjected to focal ischemia (90min MCA occlusion 
and 24 h reperfusion) were incubated wttt primary antiBera against GR1 (for 
granulocytes) or CD3 (for lymphocytes). Stagings were revealed by 
autoradiography (representative autoradiography, tower panel). Inflammato? 
infiltrates in the ischemic hemisphere were quantified by measuring the area 
and the optical density (OD) of the infiltrates (upper panel) divided by the mean 
infarct volume of the examined animals. Data are presented as the 
means ±S.E.M. (n=3) 



reduction in the infarct volume by 70% in double treated 
compared to saline treated animals (1 8.04± 4.87 mm 3 , n=5 in 
treated mice versus z50.66±6.32 mm 3 , n=9, P<0.004; 
Figure 4a). Inhibition of CD95L and TNF activities had an 
additive effect in reducing infarct volumes, as assessed by 
two factorial variance analysis. By contrast, separate 
inhibition of CD95L or TNF did not significantly reduce infarct 
volumes, In a second series of experiments was found that 
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significantly reduced by anti-TNF and anti-CDSSL antibodies. WMd-type animals 
subjected to 90 min MCA occlusion and 24 h reperfuaion were \p. treated 30 min 
after occlusion with saline (co; n=9). or with antibodies against TNF (aTNF) 
CD95L (jCD951) or both (aTNF/CD95U) (n=10 each group) in a double blind 
manner fna second aeries of experimentaanimats ware eithertreated with saline 
(co2; na9) or IgG (IgG; n=7). Animals who did not exhibit an infarct (27, 40, 40, 50 
and 10% of co, aTNF, bCD95L and «TNF/CD95L and IgG. respectively) or died 
beforethe24hDerkrt(33,10,10>&arid20%ofco,«TNF,^ 
were not included in the examination of infarct volumes. Cryostat brain coronal 
section from 20 >im thick. 400 M m apart from each other, warn sUver-stained. (a) 
The volume of infarction was determined by numeric integration of areas of 
marked pallor with section thickness. Data are presented as the means ± S.E.M. 
Significance was determined by comparing saline-treated animals with the other 
groups by using the Mann-Whitney's test (*P< 0.004). (b) Image analysis of the 
regional infarct frequencies of the coronal section at bregma - 2.3 mm from co 
aTNF/CD9a and gW/tnT'- mice reveals a relative sparing of the motor and 
somatosensory cortex and striatum in aTNF/CD95L-treated mice. MCx. motor 
cortex; SSCx. somatosensory cortex; He. hippocampus; Th. thalamus; St, 
Striatum, (c) The number of granulocytes and lymphocytes in the ischemic 
hemisphere were quantified by autoimmu neurography. Brain sections from 
animals subJecUKUofocaJ is^ 

were incubated with primary antibodies against GR1 (for granulocytes) and CDS 
(tor lymphocytes). Stainings were revealed by autoradiography (representative 
autoradiography, right panel). Inflammatory infiltrates in the ischemic hemi- 
sphere were quantified by measuring the area and the optical density (OD) of the 
infiltrates fleftpaneljdivtded by tte 
Data are presented as the means ± S.E.M. (**3) 

the injection of control IgG did not influence infarct volumes 
when compared to saline-treated animals (Figure 4a). 
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The regional infarct distribution in the coronal plane of 
anti-TNF/CD95L-treated animals was analyzed by aver- 
aging infarct areas (at the coronal level bregma -2.3 mm). 
The resulting frequency density map shows a sparing of the 
motor cortex, the lateral thalamic nuclei and the striatum 
(Figure 4b). Also, in these animals, inflammatory infiltrates 
were nearly undetectable (Figure 4c). 

The functionality of rescued neurons was examined by 
testing the motor coordination of treated mice 3 days 
after reperfusion. Thus, anti-TNF and anti-CD95L anti- 
bodies (50 fjg each) were injected twice i.p. 30 min and 
24 h after occlusion of MCA. All mice in which focal 
ischemia was induced and thai were not antibody-treated 
died before the end of the observation period (n=5), 
whereas mortality in the treated group (n=O0) was only 
30% (Figure 5a). Six non-treated sham-operated animals 
(so-utr) and five antl-TNF/CD95L-treated mice which 
underwent 90 min occlusion of MCA and 3 day 
reperfusion were tested on a rotarod and on stationary 
rods. Retention times on the rotarod displayed by treated 
animals did not significantly differ from those exhibited by 
sham-operated animals (Figure 5b). Motor coordination on 
stationary rods paralleled these results (data not shown). 
Likewise, maintenance of. axial balance, as assessed by 
the first swimming experience of the mice, was 
comparable in untreated sham-operated and stroke- 
treated animals (data not shown). Even animals with 
low retention time on the rotarod exhibited unimpaired 
axial balance. 
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Figure 5 Neutralization of CD95L and TNF reduces mortality and improves 
motor performance of stroke animals, (a) Percentage of mortality withh 3 days 
after occlusion of the MCA in animals untreated (n=5; wt) or treated with anti- 
TNF and anti-C095L antibodies (n=tO; a-TNF/CD95L). (b) Retention times on 
accelerated rotarod for untreated sham-operated animals (s-o; n=6) and 
treated animals (a-TNF/CD&SL; n=$) 



Discussion 

In this study we report that TNF and CD95L addrtrvety 
contribute to ischemic damage, both by triggering Ischemic 
cell death and by recruiting inflammatory cells to the site of the 
lesion. Moreover, the therapeutic neutralization of these 
ligands leads to preservation of neuron functionality and 
increased survival of the animals. 

CD95-L and TNF arJdftively induce 
Ischemic brain damage 

The protection provided by the absence of TNF disagrees with 
the report by Bruce et at. (1996) of an enhanced rschemic 
damage in mice lacking TNF-receptor-1 (TNF-R1 ; also called 
pS5) or both TNF-R1 and TNF-R2 (also called p75). 
Something that might be due to the use of a different mouse 
strain (C57BU6 x 1 29) and a shorter occlusion time of 1 h by 
this group. 

In previous studies we have shown that apoptotic cells in 
the penumbra are mostly neurons and express CD95L 14 
Here, we report that CD95L Is also generated In the ischemic 
penumbra in the mouse (Figure 2). Expression of TNF 
mRNA and protein already occurs within 2 h after induction 
of ischemia 12 - 13 * 33,34 and is followed by the expression of 
CD95L at 12 h. 14 CD95L expression may be induced by 
TNF, e.g. through transcription factors such as oJun or NF- 
kB, 35 - 35 like it has been described in human astrocytes. 37 
Thus, these two ligands, TNF and CD95L might compliment 
each other in the induction of stroke damage. Nevertheless, 
the fact that neurons from gi<3/tnf~ f ~ could not be cultured in 
vitro, indicate that these ligand might have other functions in 
neurons besides the triggering of the death program that 
should be elucidated in further studies. 

The deleterious effect of the CD95 and the TNF system 
may indeed be related to effects not directed to neurons 
themselves but to other cells such as microglia, which 
would in turn produce killer chemokines, 38 or leucocytes. In 
support of this idea is recent work which shows that 
inhibition of caspase-1 induces long-lasting neuroprotection 
in cerebral ischemia by reducing apoptosis and proin- 
flammatory cytokines. 38 Nevertheless, the decrease in cell 
death in vitro in primary neurons \n the absence of a 
functional CD95 or TNF system suggests a harmful role of 
these systems, at least In part, directed to neurons. 
Besides, one could argue that the dramatic protection 
exhibited by gtd/tnf^ mice is due to a primary defect in 
the glia/neuron Interaction arising from the mutation in the 
CD95L and the TNF ligands. This is excluded by the 
enhanced neuroprotection also achieved by the acute 
therapeutic neutralization of both CD95 and TNF systems 
in wild-type animals. 

Analysis of infarct frequencies in the coronal plane in 
gld/tnf-'- mice (Figure 1c) reveals that hippocampus was 
almost the only affected area. Hippocampus is the most 
vulnerable brain area following ischemia possibly due to its 
higher density of g/utamate receptors. Prominent glutamate 
stimulation through the ischemic insult can favor severe 
excitotoxidty in which CD95 and TNF systems may play a 
minor role. 
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CD95L and TNF promote Inflammation in the 
ischemic brain 

Ischemia-mediated breakdown of the blood-brain barrier 
(BBB) 40 " 42 leads to the unique exposure of relatively 
sequestered CNS antigens to the peripheral circulation. This 
results in a deleterious immune response that enhances 
neuronal damage 43 and underlies the transition from ischemic 
to inflammatory injury. Among inflammatory cells, granulo- 
cytes invade the infarct and its boundary zone within hours 
with a peak at 24 h, whereas T cells start infiltrating the infarct 
region from day 1 onwards, with a peak around day 7. 44 
Granulocyte infiltration is preceded by an increased 
expression of cytokine-lnduced neutrophil chemoattractant 
(C1NC). 44 Accordingly, at 24 h after MCA occlusion, we 
detected inflammatory Infiltration with a nearly exclusive 
participation of granulocytes in the ischemic hemisphere. 
This infiltration could be reduced in the absence of TNF and/or 
CD95L, consistent with the known chemotactic properties of 
these two llgands. 30 - 31 * 45 The recruitment of inflammatory 
cells to the site of the lesion, like the induction of ischemic 
neuronal death m vitro, was more effectively inhibited in the 
absence of TNF than in the absence of CD95L 

Strikingly, however, infarct volumes in and gtd 

mice were not significantfy different This similar outcome 
might be explained by the adcfitionaJ ability of C09SL to 
activate the cytotoxic machinery of granulocytes. 30,31 Thus, 
CD95L might enhance the induction of inflammatory 
damage by TNF in stroke. 



Possible consequences for the treatment of stroke 

Currently, neuroprotective strategies strive to maintain 
viability of ischemic neurons until reperfusion can be normally 
re-established. However, cerebral reperfusion is followed by 
destruction of rrucrovascutature and subsequent inflammatory 
events. Therefore, protection towards both reperfusion 
damage and ischemic death emerges as the ideal therapy 
for stroke either in combination with thrombolytic therapy or 
alone if thrombolysis is precluded. 

In the microcirculatory failure and the inflammatory 
events that follow reperfusion different effectors partici- 
pate, such as the intercellular adhesion molecule- 1 (ICAM- 
t) or CD18 (the beta2-integrin subunit on granulocytes and 
figand for ICAM-1). The absence of ICAfVM or C018 
mitigates stroke damage by improving microcirculation in 
the ischemic penumbra/ 6 47 Moreover, in ICAM-1 knockout 
animals, further granulocyte depletion enhances protec- 
tion. 46 Interestingly, ICAM-1 expression in the ischemic 
brain is enhanced by TNF. 20 Early studies in a rabbit model 
of acute stroke indicated the potential of the combination of 
thrombolytic therapy with anti- ICAM-1 antibodies.'* 8 In 
comparison, neutralization of TNF and CD95L, not only 
attenuates reperfusion damage but also helps to maintain 
neuronal viability until reperfusion is achieved. 

Apoptotic cell death and inflammation are also important 
components of the pathophysiology of other acute and 
chronic neurodegenerative diseases such as Parkinson's, 
Alzheimer's and Prion diseases, HIV encephalopathy, and 
multiple sclerosis. Therefore, the therapeutical neutraliza- 
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tion of CD95L and TNF might have a more gfobal 
application in acute neurodestruction as well as in chronic 
neurodegenerative diseases. 



Materials and Methods 

Cell culture and experimental treatment In vitro 

Primary neuronal cultures were prepared from day 15 to 17 fetal mice 
as previously described. 14 In brief, cortical neurons were obtained 
after trituration in MEM medium with 20% horse serum, 25 mM 
glucose and 2 mM L-oJutamine (all from Gibco/Ufe Technologies. 
Scotland) following a 30 min digestion in 0.025 trypsin/saJine solution. 
Cells were plated in 24 well plates coated with pofyomithine (Sigma, 
Germany). After 4 days, ceils were treated with cytosine-arabinoside 
(5 f/M) for another 4 days to inhibit proliferation of non-neuronal cells. 
Thereafter, cell cultures were maintained in MEM, 10% horse serum, 
5% fetal bovine serum. 25 mM glucose and 2 mM L^lutamine in a 8% 
C0 2 humidified incubator at 37°C. Neurons were allowed to mature tor 
at least 8 days in culture before being used for experiments. The 
proportion of glial cells in the cultures was less than 1 0%, as assessed 
by an antibody against glial-fibrillary-acidic protein (GFAP; data not 
shown). 

Oxygen-glucose deprivation In vftro 

Combined oxygen-glucose deprivation (OGD) was performed as 
previously described 25 with minor mooifi cations. The culture medium 
was replaced with MEM, 1% horse serum and 2 mM L-oJutamine. The 
cultures were kept in an anaerobic chamber for 6 h containing the gas 
mixture, 5% Hj/90% rV5% C0 2t and GasPak Catalyst replacement 
charges (Becton Dickinson, Germany), maintained at 37*C and 100% 
humidity. Combined oxygen-glucose deprivation was terminated by 
removal of the cultures from the chamber and adding horse and fetal 
bovine serum and glucose to a final concentration of 10%, 5% and 
25 mM, respectively. The cultures were returned to a humidified 
incubator containing 8% COa and atmospheric oxygen at 37 5 C for 
another 3, 18 or 24 h. Human IgGI (Sigma, Oeisenhofen, Germany), 
CD95-Fc and TNF-R2-Fc (20 *g/ml each) were added to the culture 
medium 5 min prior to the induction of OGD. 

Due to the impossibility to analyze cell death in primary neurons by 
forward side scatter analysts (FACS) the percentage of cell death was 
assessed by Trypan-blue exclusion and given as % of specific death. 
This was calculated as follows: 

* c r ^„ ^ _ (assessed death - spontaneous death) 
(100 - spontaneous death) 

Spontaneous eel death was of 12% ±0.09 for neurons from tnf 
mice, 10% ±0.73 for neurons from ptomice and of 15% ±0.87 for 
neurons from C578U6 wPd-type mice. All data are given as the 
means + S.D. (n=3). 

Ischemic animal model 

In wild-type, oVo; tnt~ l - and gldftnf-'- mice, all matched for age 
(mean 100 days) and weight (mean 24 g), focal cerebral ischemia was 
induced by occlusion of the middle cerebral artery (MCA) as described 
previously. 14 A surgical nylon thread was advanced from the lumen of 
the common carotid artery up to the anterior cerebral artery to block 
the origin of the MCA for 90 min. MCA bfood flow was restored by 
withdrawing the nylon thread. Deep anesthesia was reached by 
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Ketamin and Rompun (150 mg/kg body weight each). Animals were 
kept under anesthesia and rectal temperature was controlled at or near 
3TC with a Heating lamp throughout both the surgical procedure and 
the MCA occlusion period up to the time the animals recovered from 
anesthesia. A reduction of cerebral blood flow in the animals included 
in the study was indirectly confi rmed by a reduction in the silver infarct 
staining intensity. 48 After different reperfusion periods animals were 
deeply reanesthetized and killed by decapitation. To obtain 
physiological parameters, the right femoral artery was cannuleted 
under ongoing anesthesia, blood pressure continually recorded, and 
samples for blood gas and glucose analysis taken 15 min before, 1 h 
after begin and 30 min after the end of MCA occlusion. Mice gender 
varied due to the availability In our animal facilities. Infarct outcome 
was not influenced by the sex of the animal (data not shown). AI mice 
were on a C57BL/6 background to avoid known differences in infarct 
susceptibility dependent on the mice strain. 50 

For treatment experiments, arrti-CD95L antibody (MFL3; Pharmin- 
gen,eerrrarry)aiidaiTti-WeiitibooV(V1q) 51 50 j*g each, were either 
up. injected 30 min and 24 h after occlusion of the MCA in 12-week- 
old male C57BL/6 in a double blind manner. In a second series of 
experiments mice were Lp. treated with saline or control hamster JgG 
(Pharmingen). 



processed for immunoautoradiography. Sections were incubated for 
24 h with a monoclonal antibody against Gfll (Ly-1. Pharmingen, 
Germany) or a monoclonal antibody against CD3 (Chernicon. USA). 
Thereafter, sections were incubated with a 125 Mabeted secondary 
antibody (Biotrend, Germany). Sections were exposed together with a 
II 125 ] standard set on a Kodak MinRI x-ray film for 21 days. 
Granulocyte or lymphocyte infiltration in the Ischemic hemisphere was 
assessed by measuring the optical density and the area of the 
infiltrates with an image analyzing system (MCID, Imaging Research 
Inc., Ontario, Canada). 

Motor coordination 

Male C57BU6 mice 1 2 - 16-week-ofd were placed on a fixed horizontal 
wood rod or a plexiglass rod {1 cm diameter, 50 cm length, and 40 cm 
above ground), and the time the animal remained on the rod was 
measured. For the rotarod examination (Ugo Basile Bid. Res. App.), 
the mouse was placed on a gritted plastic roller, which was 
accelerated from 4 to 40r.p.m. in 5 min. Retention times were 
recorded for 180 s. 



Measurement of infarct extension 

Mice were subjected to MCA filament occlusion for 90 min and 
reperfused for 24 h as described. The time point of 24 h was chosen 
for reasons of practicability (number of animals and amounts of 
purified proteins used) and because at this time the major damage has 
already taken place and infarct volumes do not significantly differ from 
those thereafter. Forebrains were cut and cryostat coronal sections 
20 nm thick 400 /im apart from each other, were silver-stained. In 
brief, sections were impregnated with a sirvBmitrate/Kthiumcarbonate 
solution for 2 min and developed with a hydrochtnone/rorrnafdehyde 
solution for 3 min.* 9 Stained sections were directly scanned (MCID* 
M4, 3.0; Imaging res. Inc.). The volume of infarction was determined 
by numeric integration of the scanned areas of marked pallor corrected 
for bran edema x section thickness using digital planimetry. All data 
are given as mean ± standard error of the mean. Significance was 
measured using the Mann-Whitney IMesL To generate infarct 
frequency distribution maps, 52 the respective sections of each series 
were scanned, infarcts delineated, and projected on a mask. 
Averaging was done with Scion Image § 3.b. 

Immunohistochemica! analysis of CD95L and 
TNF expression 

Coronal cryostat sections (20 jtm) from wild type mice that underwent 
90 min MCA occlusion and 24 h reperfusion were processed for 
imrnunohtstochemistry. Sections were incubated with a polyclonal 
antibody against CD95L (P62) 53 Immunoreactiviry of CD95L protein 
was visualized by diaminobenzidjne (Alexis, Germany). Neither 
CD95L nor TNF were detectable in the brains of sham-operated 
animals or in control stainings performed without the first antibody or 
isotype control IgG. whereas it was detectable in the mouse thymus 
and in sections from tumors transfected with murine-CD95L (data not 
shown). 

Detection of infiltration of Inflammatory cells 

Coronal cryostat sections (20 /im) from wt, gid, tnf~ f ~ and gldAnf-'- 
mice that underwent 90 min MCA occlusion and 24 h reperfusion were 
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The members of the tumor necrosis factor (TNF) fam- 
ily play pivotal roles in the regulation of the immune 
system. Here we describe a new ligand in this family, 
designated TWEAK. The mouse and human versions of 
this protein are unusually conserved with 93% amino 
acid identity in the receptor binding domain. The pro- 
tein was efficiently secreted from cells indicating that, 
like TNF, TWEAK may have the long range effects of a 
secreted cytokine. TWEAK transcripts were abundant 
and found in many tissues, suggesting that TWEAK and 
TRAIL belong to a new group of widely expressed li- 
gands. Like many members of the TNF family, TWEAK 
was able to induce interleukin-8 synthesis in a number 
of cell lines. The human adenocarcinoma cell line, HT29, 
underwent apoptosis in the presence of both TWEAK 
and interferon-y. Thus, TWEAK resembles many other 
TNF ligands in the capacity to induce cell death; how- 
ever, the fact that TWEAK-sensitive cells are relatively 
rare suggests that TWEAK along with lymph otoxins a/0 
and possibly CD30L trigger death via a weaker, non- 
death domain-dependent mechanism. 



Cytokines of the TNF 1 family are mediators of host defense 
and immune regulation. Members of this family act either 
locally through direct cell-to-cel) contact or as secreted proteins 
capable of diffusing to more distant targets. These proteins are 
synthesized as type II membrane proteins with the extracellu- 
lar C-terminal region mediating binding to the receptors of the 
TNF receptor (TNF-R) family (1). The TNF family of ligands 
and receptors comprises at least 14 unique signaling pathways 
including TNF, lymphotoxins (LT), Fas, CD27, CD30, CD40, 
4-1BB, OX-40, TRAMP (also DR3, WSL-1, Apo-3), CAR-1, 
TRAIL, GITR, HVEM, osteoprotegerin, and NGF (2-12). Ex- 
cluding NGF, each of these signaling pathways is likely to be 
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involved in critical functions related to both the function and 
development of the immune system. For example, TNF acts 
primarily as an inflammatory cytokine coordinating host de- 
fenses in response to aggression by pathogens by activating a 
wide range of immunological and non-immunological mecha- 
nisms (13). The LT system is involved in the development of the 
peripheral lymphoid organs and the organization of splenic 
architecture (14, 15). CD40 is a key element in the regulation of 
the immunoglobulin response (16), and Fas signaling has been 
implicated in the mechanisms controlling peripheral tolerance 
and thymic selection (17, 18). Other members such as OX-40, 
4 -IBB, CD27, and CD30 are also involved in the control of 
various aspects of the immune system (19-22). 

Some of these receptors upon activation can directly trigger 
the apoptotic death of many transformed cells, e.g. TNF-R55, 
Fas, TRAIL-R, and TRAMP (23). Clearly, Fas and possibly 
TNF-R55 and CD30 activation can induce cell death in non- 
transformed lymphocytes, which may play an immunoregula- 
tory function (22-25). In general, death is triggered following 
the aggregation of death domains that reside on the cytoplas- 
mic side of the TNF receptors. The death domain orchestrates 
the assembly of various signal transduction components that 
result in the activation of the caspase cascade (23). Some re- 
ceptors lack canonical death domains, e.g. LT0 receptor and 
CD30 (26, 27), yet can induce cell death, albeit more weakly. It 
is likely that these receptors function primarily to induce cell 
differentiation in vivo and the death is an aberrant conse- 
quence in some transformed cell lines, although this picture is 
unclear, as studies on the CD30 null mouse suggest a role in 
death during negative selection in the thymus (22). Conversely, 
signaling through other pathways such as CD40 is required to 
maintain cell survival. 

In this paper, we describe the mouse and human versions of 
a new member of this family, which we have called TWEAK 
Like TNF, TWEAK is readily secreted from cells. Furthermore, 
we have prepared a recombinant soluble form of the molecule 
and used it to show that TWEAK signaling can induce cell 
death in an adenocarcinoma cell line. 

EXPERIMENTAL PROCEDURES 

Cells and Reagents — All cells were obtained from the American Type 
Culture Collection (ATCC, Rockville, MD) and grown in the recom- 
mended' medium except for WE HI 164 clone 13, which was obtained 
from Dr. Kawashima (Geneva Biomedical Research Institute, Geneva, 
Switzerland). The HT29 subclone (HT29-14) and 11-23 T cell hybri- 
doma have been described previously (26, 28), and the TNF-sensitive 
ME 180 subclone was obtained from Dr. Carl Ware. Recombinant 
FLAG-labeled hTRAlL was a generous gift from Dr. J. Tschopp (3 J, and 
anti-FLAG M2 monoclonal antibody was purchased from Eastman Kodak 
Corp. Anti-Fas CHll was purchased from Kamiya Biomedical Co. 
(Seattle, WA), and LTal/02 was prepared as described previously (29). 

Mouse TWEAK Cloning — The antisense oligonucleotide primer 5'- 
GTTCCAGGCCAGCCTGGG-3 ' from the mouse erythropoietin se- 
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quence was used in a 5 -RACE protocol following the recommendation 
of the manufacturer (5'-RACE system from Life Technologies, Inc.) in 
association with the Life Technologies-designed anchor primer. Tem- 
plate cDNA was made from RNA from 1-h adherent peritoneal macro- 
phage RNA. After a 5-min denaturation at 94 *C, the cycling conditions 
were as follows: 35 cycles of 30 s at 94 °C, 30 s at 55 *C, and 3 min at 
72 °C followed by a terminal extension step at 72 °C. Analysis of the 
PCR products on an agarose gel revealed two amplified fragments of 
650 and 500 bp. The two fragments were excised from the gel, inserted 
in pBS-T vectors and sequenced. Northern hybridizations with 32 P- 
labeled random-primed fragments indicated that the 500-bp fragment 
hybridizing to a 1.4-kb RNA in macrophages. To determine the orien- 
tation of the cDNA, ^P-labeled riboprobes in both directions were used 
in Northern hybridization. From the determined orientations and se- 
quences, we derived two internal primers for the 1.4-kb mRNA: 5'- 
TCAGGTGCACTTTGATGAGG-3 * and 5 '-CTGTCAGCTCCTCCTGAG- 
3', which were used in 3'- and 5'-RACE PCR, respectively. The 3 -RACE 
experiment revealed a 750-bp fragment, which was inserted in a pBS-T 
vector and sequenced. It corresponded to the 3' end of the 1.4-kb RNA 
since the sequence possessed a poly(A) addition signal just prior to the 
polyfA) tract. The 5 '-RACE did not revealed any band. The CLONTECH 
Marathon cDNA amplification kit was used to prepare a cDNA library 
from 1-h adherent macrophages. PCR used a 1040-bp TWEAK PCR 
fragment and the universal primer from the kit. The 1040-bp TWEAK 
PCR fragment was isolated using sense and antisense oligonucleotide 
primers from the determined cDNA sequence (5'-AGCAGGAGCCT- 
TCTCAGGAG-3' and 5 '-GATCC AGGGAGGAGCTTGTCC-3 ' ). This 
method resulted in the isolation of a fragment 60 bp longer on the 5' end 
than the original 1040-bp fragment. 

Human TWEAK Cloning— A search of the EST data base revealed 1 
human clone that was clearly homologous to the murine sequence. The 
clone 154742 (GenBank™ accession no R55379) has a 345-bp sequence 
89% homologous to the murine cDNA. Two primers derived from the 
EST (5'-CCCTGCGCTGCCTGGAGGAA-3" and 5-AGACCAGGGCC- 
CCTC AGTGA-3 ' ) were used in RT-PCR reactions to screen different 
tissues and libraries for the presence of hTWEAK transcripts. Products 
of the correct size were obtained from liver, spleen, lymph node, THP-1, 
and tonsil, but not from U937 mRNA. The 201 -bp product was cloned 
and used to screen a AgtlO human tonsil cDNA library. One million 
plaque-forming units were plated at 10 s plaque-forming units/plate. 
Duplicate lifts were made onto 20 x 20-cm nitrocellulose filters and 
hybridized with a probe prepared by random priming. The filters were 
hybridized overnight at 65 °C in plaque screen buffer (50 dim Tris, pH 
7.5, 1 M NaCl, 0.1% sodium pyrophosphate, 0.2% polyvinylpyrrolidone, 
and 0.2% Ficoll) containing 10% dextran sulfate, 100 ng/ml tRNA, and 
6 x 10* cpm/ml of probe. They were washed twice with plaque screen 
buffer and twice with 2 x SSC, 0.1% SDS at 65 °C. A miniprep DNAs 
were prepared from positive colonies, and the clones with the largest 
inserts were selected for large scale DNA purification and DNA se- 
quencing. The inserts were subcloned into the Notl site of pBlueScript 
SK+. 

RNA Analysis— Either a 0.45-kb PpuMUBstXI or a 1.25-kb NarVNotl 
fragment of the hTWEAK cDNA was labeled by random priming and 
used to probe human adult tissue and cell Northern blots purchased 
from CLONTECH. Blots were probed as per the manufacturer's instruc- 
tions and given a final wash at 0.1 x SSC with 0.1% SDS at 50 °C. 

Chromosomal Assignment—A panel of DNA from monochromosomal 
cell hybrids (HGMP Resource Center, Hinxton, Cambridge, UK) was 
used to amplify a 329-bp fragment with primers chosen in 3 '-untrans- 
lated region that are not homologous to the murine sequence (5'- 
AGTCGTCCCAGGCTGCCGGCT-3' and 5'-CCTGAAGTGGGGTCTT- 
CTGGA-3'). Amplification was done for 40 cycles, 30 s at 94 °C, 90 s at 
65 °C, and 90 s at 72 °C. Additional mapping was carried out using the 
same PCR primers on the Genebridge 4 Radiation Hybrid DNA panel 
(HGMP Resource Center), and the results were analyzed using the 
RHMAPPER program at the Whitehead Institute. 

Expression of Recombinant hTWEAK Protein— A soluble expression 
construct combining the VCAM leader sequence, the Myc peptide tag, 
and the extracellular domain of hTWEAK was prepared similar to that 
described for LT0 (29). The following DNA fragments were isolated or 
synthesized, a Not I/blunt fragment encoding the VCAM leader, a pair of 
oligonucleotides encoding the Myc tag (5' blunt, 3' PpuM] site; 5'- 
GAACAGAAACTCATCTCTGAAGAAGACCTG and 5-GTCCAGGT- 
CTTCTTCAGAGATGAGTTTCTGTTC), a 0.45-kb PpuMVBstXl frag- 
ment of TWEAK, and a 0.65-kb BstXJJNotl fragment of TWEAK. The 
four fragments were ligated into a /vofl/phosphatased pBlueScript vec- 
tor. The Noll insert from this vector was transferred into the pFastBacl 
vector (Life Technologies, Inc.) and used to generate recombinant bacu- 



lovirus. Soluble TWEAK was prepared by infecting HiFiveTM insect 
cells at a multiplicity of infection of 10, and the medium was harvested 
after 2 days. The following items were added to the media: HEPES 
buffer to a final concentration of 25 mM, pH 7.4, 1 mM 4-<2-aminoeth- 
yDbenzenesulfonyl fluoride (AEBSF, Calbiochem), and 1 Mg^ml pepsta- 
tin. The media was filtered and concentrated 10-fold by ultrafiltration 
over a Amicon 10-kDa cut-off filter. The concentrated medium was 
loaded directly onto a Fast S column, washed with 25 mil HEPES 
buffer, pH 7.4, with 0.4 M NaCl, and eluted with 0.7 M NaCl in the same 
buffer. N-terminal amino acid sequencing was performed on blot trans- 
fers following SDS-PAGE. 

Analysis of TWEAK Secretion — Vectors for EBNA-based expression 
were constructed using the vector CH269, which is a modified version of 
the pCEP4 (Invitrogen) from which the EBNA gene was removed. A 
0.71-kb fragment of hTNF in the pFastBac vector was provided by Dr. 
P. Pesavento and A. Goldfeld (Dana Farber Cancer Institute). The 
SnaBUXhol insert was ligated into the Pvull/Xhol site of CH269. A 
1.8-kb Notl insert of hTWEAK clone A2A, a 0.98-kb Notl fragment 
containing the hCD40L cDNA provided by Dr. E. Garber (Biogen), and 
a 1.46-kb Notl insert containing hLTa (30) were each ligated into the 
Notl site of CH269. A 0.81-kb tfmdlll insert containing the hLT3 
coding region with a modified start site (30) was ligated into the HmdTII 
site of CH269. 293 -EBNA cells (Invitrogen) were transfected with the 
various CH269 vectors using LipofectAMINE, and after 2-3 days cells 
were either removed with Ca/Mg-free PBS with 5 mM EDTA for FACS 
analysis or subjected to metabolic labeling. Twice as much total DNA 
was used in the LTa/LT/3 cotransfection experiments as in the single 
vector experiments. 

A rabbit anti-TWEAK serum was prepared by immunizing rabbits 
with recombinant hTWEAK in complete Freund's adjuvant by intra- 
Iymph node injection, boosting subcutaneously after 3 weeks with 
TWEAK in incomplete Freund's adjuvant, followed by bleeding 7 days 
later. This serum was functional in FACS, immunoprecipitation, and 
Western formats. An IgG fraction of this serum was isolated and used 
versus purified rabbit IgG fraction as a control. Both the FACS and 
immunoprecipitation procedures in addition to the rabbit anti-TWEAK 
utilized the following antibodies: 104c (anti-hTNF), AG9 (anti-hLTa), 
B9 (anti-LT), 5C8 (anti-CD40L); purified isotype-matched mAhs were 
used as controls (30, 31). FACS analysis was carried out in RPMI 
medium containing 10% FBS and 50 ng/ml heat-aggregated human IgG 
with the antibodies at 5 tig/ml. Phycoerythrin-labeled anti-mouse or 
rabbit IgG (Jackson ImmunoResearch) was used to detect antibody 
binding and cells were counters tained with 7-amino-actinomycin D for 
live gate exclusion of dead cells. For immunoprecipitation, 2 days after 
transfection, the cells were washed with PBS and transfered into Met/ 
Cys-free minimal essential medium with glutamine, 10% dialyzed fetal 
bovine serum, and 200 jiCi/ml each of Tran^S-label (ICN) and P*S)cys- 
teine except for TNF and TWEAK, where only [ M S)cysteine was pro- 
vided. After 3 h of labeling, the cells were chased for an additional 3 h 
with cold cysteine/methionine. The supernatants and cells were har- 
vested, lysed in 1% Nonidet P-40, and subjected to immunoprecipitation 
and SDS-PAGE analysis as described (30). 

Analysis of Interleukin-8 Secretion — Cells were grown to confluence 
in six-well plates, at which point various cytokines were added in a total 
of 5 ml of medium. Aliquots were taken at various time points and 
assayed using a human IL-8-specific enzyme-linked immunosorbent 
assay that has been described previously (32). 

Cytotoxicity Assays — Cell growth assays were carried out as de- 
scribed previously (33). For microscopy, HT29-14 cells were seeded into 
two-chamber slide well plates at a density of 100,000 cells/well and 
grown for 2 days. Human TWEAK, TNF, or anti-Fas (CHll, Kamaya) 
were added along with 80 units/ml human interferon-?. After 24 h, the 
medium was removed and it was observed that slides treated with 
cytokine or anti-Fas antibody included many dead cells that had de- 
tached from the plastic. The remaining cells were acetone-fixed and 
washed into PBS containing 1 pg/ml DAPI dye. After 2 min, the dye was 
removed, and cells were washed into PBS and examined by fluorescence 
microscopy. 

RESULTS 

Isolation of Mouse and Human TWEAK cDNAs — During the 
course of a study intended to clone a RNA that hybridized to an 
erythropoietin probe (34), we isolated several unrelated cDNAs 
from mouse peritoneal macrophage mRNA. One of these 
cDNAs was a TNF family member, as defined using the Prosite 
program to identify TNF sequence motifs. This new protein 
was thus named TWEAK in view of its TNF relatedness and 
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Fig. 1. A, nucleotide and predicted 
amino acid sequence of human TWEAK. 
A potential AM inked glycosylation site is 
underlined, as is the AU-rich sequence in 
the 3 '-untranslated region. Possible poly- 
adenylation signal sites are indicated 
with asterisks. £, a comparison of mouse 
and human 3 '-untranslated sequence in 
region of the AU-rich and polyadenylation 
sites. 
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weak ability to induce cell death. The 1.18-kb cDNA contained 
the entire coding region except for an estimated 20-25 amino 
acids from the N terminus. A homologous human EST sequence 
was identified from which a PCR probe was prepared and used 
to screen human tonsil and fetal liver libraries. Three 1.9-kb 
and two 1.3-kb hTWEAK cDNAs were isolated that encoded the 
predicted polypeptide sequence shown in Fig. LA. The 3 '-un- 
translated region was identical in all six clones, and one of 
these clones possessed a poly(A) tail. In Fig. LA, the two poten- 
tial polyadenylation sites are indicated. In the mouse clone, 
polyadenylation occurred 15 bp 3' of the second region indicat- 
ing utilization of this site, which is an exact AATAAA sequence 
in the mouse gene. In the one polyadenylated human TWEAK 
cDNA clone, polyadenylation occurred 14 bp from the first site, 
and therefore the ATTAAA is functional. Immediately up- 
stream of the first possible polyadenylation site lies, an exten- 
sive AU-rich region that resembles an adenylate/uridylate-rich 
element (35). These regions can destabilize the mRNA and are 
found in many genes including several cytokines involved in 
inflammatory responses. This region in TWEAK is very well 
conserved between mouse and man (Fig. IB). By Northern 
analysis, the primary mRNA species is 1.4-1.5 kb and the long 



5' region in the 1.9-kb clones is most likely an artifact. In three 
of the human clones, the region 5' of the transmembrane region 
contained an open reading frame extending for 42 amino acids 
beyond that shown in Fig. LA and the initiating AUG shown 
here is the second AUG in this reading frame. The second AUG 
is preceded by a reasonable Kozak consensus sequence, which 
does not exist in front of the first AUG (36). The two 1.3-kb 
clones lacked the first AUG, leading us to suspect that the N 
terminus of TWEAK is that shown in Fig. LA. 

The lack of a hydrophobic leader sequence, yet the presence 
of a single internal hydrophobic domain of 27 amino acids in 
the N-tenninal region, indicated that TWEAK is a type II 
membrane protein (Fig. 2A). All members of the TNF family of 
ligands appear to be type II membrane proteins, which in the 
cases of TNF and LTa are readily cleaved from the transmem- 
brane region. The predicted short N-terminal hydrophilic 18 
amino acids are very basic, a feature that is commonly observed 
in TNF family members and is suggestive of a stop transfer 
function. The transmembrane domain was linked to the recep- 
tor binding domain via a stalk region containing a high pro- 
portion of basic amino acids, suggesting that this region could 
be sensitive to proteolysis. The C-terminal extracellular do- 
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Fig. 2. Comparison of protein sequences in the TNF ligand family. A, comparison of mouse and human TWEAK amino acid sequences 
where identical residues are in black and conserved residues shaded. B, ClustalW alignment of human TWEAK to several members of the TNF 
family. Identical residues are in black, and conserved residues are shaded. The 0 sheet structures of LTa are indicated by the bars using the 
labeling defined previously (43). 



main possessed a single N-terminal glycosylation site at posi- 
tion 139, which is a somewhat unusual location for a sugar in 
this structure, and this site is utilized. An amino acid sequence 
comparison of human and mouse TWEAK (Fig. 2A) showed 
93% identity in the extracellular receptor binding domain (from 
amino acid 101 in Fig. 1). This high level of identity is very 
unusual within the family. For example, a similar comparison 
of TNF, TRAIL, Fas ligand, and CD40 ligand showed the mouse 
and human receptor binding sequences to be 79%, 75%, 86%, 
and 75% identical, respectively. Alignment of the human 
TWEAK sequence with the members of the TNF family re- 
vealed considerable structural similarity, especially in several 
regions previously described as characteristic of TNF family 
members (Fig. 25) (5). 

To determine the genomic location of hTWEAK, genomic 
DNA from monochromosomal somatic cell hybrids was ana- 
lyzed by PGR using specific hTWEAK primers situated in the 
3' -untranslated region. This analysis showed that the 
hTWEAK gene lies on chromosome 17 (data not shown). Fur- 
ther mapping using the Genebridge 4 Radiation Hybrid DNA 
panel showed that the gene was localized to the tip of the pl3 
region of chromosome 17 (LOD score 15) as shown in Fig. 3. 
Human TWEAK does not cluster with any of the known TNF 
ligands, and, while NGF is located on chromosome 17, it is on the 
other arm. Mouse chromosome 11 is syntenic with this region. 

TWEAK mRNA Expression in Tissues—The 1.4-1.5-kb 
hTWEAK mRNA was found to be abundant in most tissues, 
and this pattern resembles that of TRAIL, albeit with some 



tissue-specific differences (Fig. 4). Message was abundant in 
human heart, pancreas, colon, small intestine, lung, ovary, and 
prostate, while kidney, testis, and liver contained the lowest 
levels of TWEAK The lymphoid organs including spleen, 
lymph node, appendix, and peripheral blood lymphocytes con- 
tained abundant TWEAK mRNA, whereas less was found in 
thymus and bone marrow. This pattern suggests that, within 
the immune system, the secondary immune system predomi- 
nantly expresses TWEAK. In a parallel analysis of mouse tis- 
sue Northern blots, a 1.4-kb TWEAK mRNA species was also 
abundant in heart tissue, but there were several differences 
from the human pattern, e.g. expression was low in the mouse 
spleen and high in the lung. The basis for these discrepancies 
is not clear. 

Among human cell lines, the nonlymphoid tumor cells ex- 
pressed TWEAK, while the hematopoietic lineage lines HL60, 
K562, MOLT4, and Raji exhibited very weak or no expression 
(Fig. 4). Analyses of various mouse cell lines indicated that 
freshly isolated thioglycollate-induced peritoneal macrophages 
expressed a 1.4-kb TWEAK transcript and a limited survey 
suggested that among the hematopoietically derived T, B, and 
monocytic lineages, primarily monocytes express TWEAK. Ad- 
ditional work will be required to properly evaluate the expres- 
sion pattern in primary cells. 

TWEAK Can Be Secreted—To analyze whether TWEAK is a 
secreted or cell associated cytokine, we compared TWEAK to 
two cell-surface ligands, i.e. CD40 ligand (CD40L) and the 
heteromeric LTa//3 complex, and two secreted ligands, Le. TNF 
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Fig. 3. Chromosomal location of human TWEAK. A, schematic diagram of human chromosome 17; B, the Genethon chromosome 17 linkage 
map; C, the Stanford human genome center map; D, the Whitehead DRll radiation hybrid map. The Genebridge 4 radiation mapping panel was 
used to map TWEAK 38.7 cR telomeric to the framework marker D17S1682 (WI-9674) placing TWEAK distal to the genetic markers D17S786 
Although radiation hybrid maps are not anchored to the cytogenetic maps, the most likely location of TWEAK is 17pl3.3. 



Pig. 4. Northern analysis of hT- 
WEAK expression in various tissues. 
The 1.4-kb hTWEAK and actin tran- 
scripts are indicated. The cell line blot 
probed with hTWEAK was exposed longer 
than the other blots to reveal the low level 
signals in some of the lymphoid lines. 




TWEAK 



Actin 



and LTa. Full-length constructs of TWEAK, TNF, CD40L, LTa, 
LT0, and LTa plus LT0 were transfected into 293-EBNA hu- 
man embryonic kidney cells. Vector-alone controls were nega- 
tive in all analyses (data not shown). FACS analysis of the cells 
showed that the heteromeric LToc/0 complex and CD40L were 
retained on the cell surface at high levels (Fig. 5). TWEAK and 
TNF were also detectable on the cell surface, although there 
was variation from experiment to experiment in the levels on 
the cell surface. Fig. 5 shows roughly the highest levels of 
surface TWEAK ever observed; sometimes, no TWEAK forms 
were present. With TNF, sometimes higher surface levels were 
noted. Upon continued culturing of the transfected cells, TNF 
and TWEAK expression disappeared, whereas surface CD40L 
and LTa//3 complex were long-lived. Cells from the same trans- 
fection were metabolically labeled with [ 35 S] cysteine and me- 
thionine, and the secreted and cell-associated forms were ex- 
amined by immunoprecipitation. An 18-kDa TWEAK form was 
immunoprecipitated from the 293-EBNA cell supernatants rep- 
resenting secreted TWEAK Total TWEAK expression was low 
relative to the CD40L or LT ligands, possibly reflecting the 
presence of adenylate/uridylate-rich element motifs in the full- 
length construct. An additional complication is the presence of 



only cysteine residues in the secreted TNF and TWEAK forms 
and the relative labeling efficiencies of methionine versus cys- 
teine may give the appearance of poor expression. As expected, 
17-kDa TNF and 25-kDa LTa were found in the supernatant 
and upon cotransfection with LT/3, secreted LTa levels ap- 
peared to decrease substantially, possibly indicating that LTa 
prefers being complexed on the cell surface. LT/3 and CD40L 
were not readily detected in the supernatant which is consist- 
ent with their primarily cell-to-cell contact specific roles (a 
relatively small amount of secreted 18-20-kDa CD40L was 
observed with long exposures). As can be seen by the intensities 
of the background bands, the exposures for the TNF and 
TWEAK supernatants are longer than those shown for the cell 
lysates in Fig. 5, reflecting inefficient secretion of these ligands. 
Phosphorlmager quantitation of the bands in this experiment 
showed that of the total 18-kDa TWEAK synthesized, about 5% 
was in the supernatant. This value was comparable to the TNF 
case where about 4-5% of the total TNF synthesized was 
cleaved to the 17-kDa form and of this amount 3-4% was 
secreted. Presumably, low levels of the TNF-converting en- 
zymes and TWEAK-processing enzymes limit secretion in this 
cell line. In other experiments, up to 25-50% of the total la- 
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beled TWEAK was secreted. 

Immunoprecipitation of the ligands from cell lysates showed 
TNF to be present in its expected 26-kDa membrane form, and 
the LTa and CD40L ligands also were present at their expected 
22-25- and 31-33-kDa sizes (30, 31). Cell-associated TWEAK 
existed in a 18-kDa processed form and in 30- and 35-kDa 
forms, presumably with intact transmembrane domains. A se- 
ries of intermediate cleavage products were observed in this 
experiment. In a similar study of Fas ligand secretion from Cos 
cells, a low percentage of Fas ligand was cleaved, and like the 
TNF data presented here only a small of material was secreted 
(37). In contrast, even in pulse-chase experiments, it is not 
possible to see uncleaved LTa forms. TWEAK resembles the 
LTa case, since much of the cell-associated material is already 
cleaved away from the transmembrane region. We conclude 
that TWEAK, like LTa, is cleaved early during synthesis and 
transits to the outside, but, like TNF, some uncleaved mole- 
cules are retained on the cell. These observations indicate that 
TWEAK is primarily a secreted cytokine like TNF and LTa. 



Further evidence for this contention was provided during the 
course of preparing recombinant TWEAK A soluble molecule 
was prepared by deleting the N-terminal and transmembrane 
domains and then adding a VCAM signal sequence followed by 
a 11-amino acid Myc peptide tag to amino acid 67 of hTWEAK 
to create a secreted form basically as described for the LT0 
ligand (29). Following expression in insect cells, the protein 
was purified from the supernatant. Two proteins were isolated, 
a 29-kDa full-length form wherein the VCAM leader was prop^ 
erly processed from the Myc-tagged N terminus and a second 
17-kDa form resulting from proteolytic cleavage after Arg 93 
(Fig. 6). The stalk region between the transmembrane domain 
and the 0 sheet extracellular receptor binding domain is very 
rich in basic amino acids in both the human and mouse pro- 
teins, and the Arg 92 -Arg 93 sequence renders the full-length 
protein very susceptible to proteolysis in the insect cell super- 
natants. This putative cleavage region is identical in the mouse 
TWEAK structure. The amount of TWEAK N-terminal peptide 
remaining in the processed form that precedes the folded 0 
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21.5] 
14.51 



Not Reduced Reduced 

FlC. 6. Purification of secreted hTWEAK. SDS-PAGE of recom- 
binant human TNF, LTo, and insect cell-derived TWEAK under re- 
duced and nonreduced conditions. 

Table I 

Induction of IL 8 secretion by TWEAK and 
other TNF family members 



Activating agent 


Concentration of IL-8 in the media" 


from cell lines: 


Concentration 


HT29 


A375 


Wl-38 


A549 








ng/ml 




None 




0.18 


1.5 


3.4 


1.8 


TWEAK 


100 ng/ml 


1.2 


110 


11 


1.3 


TWEAK boiled 


100 ng/ml 


0.14 


4.5 


3.4 


1.4 


TNF 


50 ng/ml 


15 


625 


275 


110 


TRAIL 6 


50 ng/ml 


0.8 


42 


3.4 


6.5 


LTal/02 


100 ng/ml 


0.26 


40 


16.5 


14 


Anti-Fas 


100 ng/ml 


2.5 


5.5 


3.5 


2.0 


IFNy 


100 units/ml 


nd 


13 


3.4 


1.6 



0 The IL-8 concentration in the cell supernatant was measured 2 days 
after addition of the activating agent. 
b FLAG-TRAIL was added with 1 Mg/ml M2 anti-FLAG antibody. 

sheet structure resembles TNF closely. When recombinant 17- 
kDa TWEAK was added directly to the metabolically labeled 
material secreted from 293-EBNA cells, the radiolabeled form 
of TWEAK migrated about 1 kDa larger than the 17-kDa re- 
combinant TWEAK in the SDS-PAGE analysis. Therefore ei- 
ther this same Arg-Arg site is utilized and carbohydrate differ- 
ences account for the small M r disparity or a more N-terminal 
residue is the site of processing in a mammalian system. Mass 
spectroscopic analysis of recombinant TWEAK forms indicated 
that a AMinked glycosylated form is present (data not shown). 
The protein is very basic and sticks to most gel exclusion 
chromatographic matrices under low salt conditions. Gel exclu- 
sion chromatographic analysis of TWEAK under high salt con- 
ditions was consistent with the bulk of the protein being in a 
trimeric form (dat not shown). 

TWEAK Can Induce Chemokine Secretion— Several of the 
TNF family members are known to induce chemokine secretion 
from various cell types (38, 39), and four cell lines were sur- 
veyed for the secretion of IL-8 in response to TNF, anti-Fas, 
TRAIL, LTal/02, or TWEAK treatment. Table I shows the 
levels of IL-8 secreted within a 2-day period from the HT29, 
A375, A549 and WI-38 lines, which are, respectively, a colon 
carcinoma, melanoma, lung carcinoma, and fibroblast lines. 
TNF was the best inducer of IL-8 release in all four cell lines. 
All cell lines except the A549 cells responded to TWEAK sig- 
naling with increased IL-8 release, and, in this capacity, 
TWEAK resembles LTol//32 and Trail. The A375 line exhibited 
the largest induction of IL-8, and here both TWEAK and 
LTal/02 had maximal effects in the 50-100 ng/ml range. The 
TWEAK effects peaked by 2 days, and boiling inactivated 
TWEAK'S activity. Therefore, TWEAK has the potential to 
trigger chemokine production in vivo by selective target cells. 
Cytotoxic Activity of TWEAK— Purified TWEAK induced the 
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Fig. 7. TWEAK is cytotoxic to the human adenocarcinoma line 
HT29. A, ability of the TNF, TWEAK, LTa/0, and anti-Fas (CHID to 
block the growth of the HT29 line in the presence of human IFNy. Cells 
were grown for 4 days in the presence of the various agents, and growth 
was assessed by MTT staining. B, morphology of the cells undergoing 
cell death. Cells were pre grown for 2 days and then treated for 24 h with 
80 units/ml IFN-y with either no further addition, 20 ng/ml hTNF, 100 
ng/ml hTWEAK, or 100 ng/ml anti-Fas antibody CHI in the bottom 
panel. DAPI staining of of the nuclei of acetone-fixed cells shows nu- 
clear condensation characteristic of apoptosis in the TNF-, TWEAK- 
and anti-Fas-treated panels. One mitotic figure is visible in the TWEAK 
panel. 

death of HT29 cells when cultured with human interferon-v 
(Fig. 7A). This cell is also sensitive to the activation of the TNF, 
LT0, and Fas receptors as well as the TRAIL receptor. 2 In the 
presence of these agents, HT29 cells undergo apoptosis as 
indicated by nuclear condensation, i.e. small DAPI dye bright 
nuclei (Fig. IB). Furthermore, we had previously shown that 
TNF and Fas receptor activation led to TUNEL-positive stain- 
ing in these cells again indicative of an apoptotic event (26). 
The morphology of the dying cells was similar in the presence 
of an anti-Fas antibody, TNF, or TWEAK The HT29 cells died 
within 16-30 h in the presence of TWEAK, which was similar 
to TNF- and Fas-induced cell death yet faster than LTa/0- 
induced death. Addition of soluble TNF-R55, TNF-R75, Fas, 
and LT0R immunoglobulin fusion proteins had no effect on 
TWEAK-induced cell death indicating that these receptors do 
not bind TWEAK. Preliminary surveys have shown that 
TWEAK does not bind to TRAMP (DR3/WSL-l/Apo-3) 2 or 
HVEM. 3 No other cell lines were observed to die in the presence 
of TWEAK, although an antiproliferative effect was seen on 

2 J. Tschopp, personal communication. 

3 C. Ware, personal communication. 
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A375 cells (Table II). HeLa cells underwent a morphology 
change yet did not die, suggestive of a differentiation type 
event. Notably, hTWEAK was not cytotoxic to any lymphoid 
cell lines or to the mouse WEHI 164 fibroblasts cells, which 
areextxemely sensitive to TNF and LT. Preliminary analysis of 
TWEAK binding to cell surfaces suggests that a putative 
TWEAK receptor is present on many nonlymphoid cell lines 
Thus, the simple presence of receptor does not necessarily 
confer on a cell the ability to induce cell death, which has been 
a common observation in the TNF field. 
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DISCUSSION 

This paper describes the molecular cloning, expression, and 
biological activity of a new member of the TNF family Both the 
murine and human TWEAK proteins exhibit all the character- 
istics of this family, i.e. a type II membrane protein organiza- 
tion and conservation of the sequence motifs involved in the 
folding of the protein into the TNF anti-parallel 0-sheet struc- 
ture. All members of the TNF ligand family are believed to be 
compact trimers, and our biochemical analysis of TWEAK is 
existent with this quaternary structure. A striking feature of 
TWEAK is the extensive sequence conservation of the receptor 
binding domain between mouse and man, and only the Fas 
ligand approaches this level of conservation. It is enticing to 
speculate that this sequence conservation reflects a critical 
functional role for TWEAK Within the genome, both ligands 
and receptors in this family are often found in clusters of genes- 
however, the TWEAK gene does not lie within any known' 
n ° T ** ltina ^ known disease linkage 

TNF family members can best be described as master 
switches in the immune system controlling both cell survival 
and differentiation, although the recent description of bone 
density regulation by the TNF family member osteoprotegerin 

£ ™a£T!! broa i d e 7°l es (12) * ^ may *» some clues 

to TWEAK'S functional role from the limited characterization 
presented here. Only TNF and LTa and possibly Fas ligand are 
currently recognized as secreted cytokines, contrasting with 
the other predominantly membrane anchored members While 
a membrane form of TNF has been well characterized and is 



Table II 

Cytotoxic effects of human TWEAK on various cell lines 



Cell line 



Type 



Hematopoietic 

Jurkat 

SKW 6.4 

Namalwa 

K562 

THP-1 
Non hematopoietic 

HT29 

ME-180 

HeLa 

MCF-7 

A375 

293 

WEHI 164 



Cytotoxicity 0 



T lymphoma 
EBVBcell 
Burkitt lymphoma 
Promyelocytic 
Monocytic leukemia 

Colon adenocarcinoma 
Cervical carcinoma 
Cervical carcinoma 
Breast adenocarcinoma 
Melanoma 

Embryonic kidney cells 
Mouse fibroblast 



im^tZ»™Zl BU r° n ?* ay ™ the presence flb8enc * of human 
i i J mg a range of P^m concentrations 

'SSSSSiS ° bSerVed " ~* °f IFNy. 
** Some anti proliferative effect. 



Wtely to have a unique biological role, secreted TNF functions 
as a general alarm signaling to cells more distant from the site 
of the triggering event. Thus, TNF secretion can amplify a 
primary inflammatory event leading to the well described 
changes in the vascular lining and and consequent cell traffick- 
ing. In contrast, the membrane-bound members of the family 
send signals through the TNF type receptors only to cells in 
direct contact. For example T cells probably provide CD40- 
mediated "help" only to those B cells brought into contact via 
cognate interactions. The fact that TWEAK appears to be effi- 
ciently secreted suggests that its role will resemble that of 

•J'*' » T l T id " 8 long nage s4nal - ^ Presence of a 
possible AU-nch motif may indicate involvement in host 
defense. 

TWEAK RNA is abundantly expressed in many organs in a 
pattern reminiscent of TRAIL (5). Other TNF family members 
are typically more difficult to detect in tissue Northern blots, 
e.g. CD40 ligand or TNF, where expression is limited to very 
specific circumstances. While TWEAK RNA is abundant it 

TWEAK lfr^ f Pr ° tein eXpreSSi0D iS abundant - 
1 WiAK and TRAIL expression patterns suggest more consti- 
tutive fimctions for these TNF family members, possibly indi- 

. ^ g ,™^ form 8 Subdass family. The relative 

ack of TWEAK expression in hematopoietically derived tumor 
lines also points to a divergence from the standard TNF family 
ligand, which is typically expressed in lymphoid cells. 

TWEAK can induce chemokine secretion, which is likely to 
be a common feature of members of the TNF family. Chemo- 
kine regulation by TNF members may underlie several key 
aspects of their biology as is well described for TNF (38 39) but 
may also extend to the LT system and BRL-l-interacting 'che- 
mokines (40). The ability to induce programmed cell death is 
also an important and well studied feature of several members 
of the TNF family. Fas-mediated apoptosis appears to play a 
role in the regulation of autoreactive lymphocytes in the pe- 
riphery and possibly the thymus (18, 23), and recent work has 
also implicated the TNF and CD30 systems in the survival of T 
cells and large cell anaplastic lymphoma lines (22, 24 25 41) 

v ££, induced 0611 death in 8 human adenocarcinoma cell 
."T 29 - We others had Previously shown that the death 
of this line in response to TNF. Fas, or LTB receptor signaling 
hasthefeatures of apoptosis (26, 39) and the death induced by 
TWEAK was similar to that triggered by Fas or TNF receptor 
activation. In contrast to the broad spectrum of Fas ligand- or 
TRAIL-sensitive cells, other TWEAK-sensitive cells were not 
readily found, and this pattern is similar to that described for 
LT0 receptor activation. Whether TWEAK has a function sim- 
ilar to Fas remains to be seen; however, the inability to kill the 
sensit.ve Jurkat and SKW 6.4 lines suggests that regulation of 
lymphocyte death or survival is not its role. LTfl receptor 
activation can induce growth arrest in some cell lines (38) and 
our studies on the effects of LT/3 receptor activation on the 
growth of tumors in vivo are also consistent with growth arrest 
as opposed to direct cell death. 4 For these reasons, TWEAK is 
likely to induce cell differentiation in vivo and probably not cell 
death. 



4 F. Mackay and J. Browning, unpublished observations. 




° TWEAK-R is presumed to exist. 
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It is possible to segregate the TNF receptor pairs into three 
groups based on their ability to induce cell death (Table III). 
First, TNF-R55, Fas, TRAIL-RI (DR4), TRAIL-RII (DR5), and 
TRAMP (DR3/WSL-l/Apo-3) receptors can efficiently induce 
cell death in many lines, and these receptors have canonical 
death domains (8-10, 23). Next, there are those receptors that 
trigger a weaker death signal limited to a few cell types; the 
TWEAK, CD30, LT0, and possibly the TNF-R75 (42, 43) and 
CD27 receptors (44) are examples of this class. Finally, there 
are those members that cannot efficiently deliver a death sig- 
nal, and the possibility must be considered that these receptors 
have simply not been studied as well. Probably all groups can 
exhibit antiproliferative effects on some cell types consequent 
to inducing cell differentiation, e.g. CD40 (45). 

How the "weak death" group can trigger cell death in the 
absence of a canonical death domain is an interesting question 
and prompts speculation that an alternative entry point into 
the death-inducing caspase cascade exists. Specifically, in the 
case of HT29 cells, why does receptor signaling lead to death 
only in the presence of IFNy? It is possible that these weak 
death receptors may activate the conventional death domain- 
mediated pathways via induction of the expression of Fas and 
Fas iigand or other receptor/ligands in the strong death group. 
In support of this concept, Fas expression is known to be 
up-regulated by IFNy on HT29 cells, and the expression of Fas 
ligand by tumor lines as a possible immune surveillance escape 
mechanism has been described (46-48), although the anti- 
hFas-L blocking antibody, NOK-1, did not affect cell death in 
this system (data not shown). We have also observed that 
activation of the LT/3 receptor can potentiate TNF signaling 
possibly reflecting favorable cross-talk between signaling path- 
ways (26, 49). Alternatively, weak death receptor signaling 
may differentiate the line into a state of unfulfilled growth 
factor dependence or cell cycle confusion with consequent ini- 
tiation of the death pathway. A fourth possibility lies in the 
recent observations on the ability of NF-kB activation to inhibit 
the death signal delivered by death domain bearing receptors 
and IFNy treatment may relieve the death repression by 
NF-kB (23). Since anti-Fas-induced HT29 cell death is IFNy- 
dependent yet Fas signaling does not lead to NF-kB activation 
(23), regulation of downstream NF-#cB-mediated events is less 
likely. Finally, and most likely, death may be initiated by other 
"non-FLICE "-initiated signaling pathways such as the ceram- 
ide or JNK/stress-activated protein kinase pathways (50, 51). 
Whatever the mechanism, further exploration of the death 
trigger initiated by these weak death receptors may provide an 
additional approach to cancer therapy. 

The TNF family has grown dramatically in recent years to 
encompass at least 14 different ligand/receptor signaling path- 
ways that regulate host defense and the immune system. The 
widespread expression patterns of TWEAK and TRAIL indi- 
cate that there may be considerably more functional variety to 
be uncovered in this family. This aspect was highlighted re- 
cently with the discovery of two new TNF receptors that affect 
the ability of Rous sarcoma and herpes simplex virus to pro- 
ductively infect cells along with the discovery of a bone density 
regulating receptor. When coupled with the historical observa- 
tions that TNF itself has anti-viral activity and that pox vi- 
ruses encode for decoy TNF receptors to avoid host defense, it 
appears that viral pathology and the functions of the TNF are 
interwoven (6, 7, 13, 52). The generation of soluble TWEAK and 
the eventual identification of the TWEAK receptor should pro- 
vide the tools to elucidate the biological function of this new 
pathway. 
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THE CHEMOKINE FAMILY 

Chemokines comprise a small group of secreted, hepa- 
rin-binding proteins containing four highly conserved 
cysteine residues. These cytokines have a typical triple- 
stranded, ^-sheet three-dimensional structure (1) and 
have been classified based on the positions of their N- 
terminal cysteine residues. The CC chemokines, which 
represent the majority of chemokines identified to date, 
are characterized by the presence of two adjacent cyste- 
ines at the amino terminal end. On the other hand, CXC 
chemokines have a single nonconserved amino acid sepa- 
rating the two N-terminal cysteines (see reference 2 for 
an updated review on the structure of chemokines). 

FUNCTIONS OF CHEMOKINES 

Chemokines are primarily known for their capacity to 
induce leukocyte recruitment and activation in processes 



that require active cell migration, such as inflammatory 
responses, bacterial or viral infections, and wound heal- 
ing (3-6). Other functions of chemokines have been de- 
scribed more recently, particularly for the CXC chemo- 
kines, and include their ability to regulate angiogenesis 
directly— through interaction with their receptors on en- 
dothelial cells (7) — or indirectly, by attracting inflam- 
matory cells which release angiogenic factors such as 
basic fibroblast growth factor (bFGF) and vascular endo- 
thelial growth factor (VEGF) (8,9). 

Members of the CXC chemokine subfamily exhibit 
angiogenic or angiostatic properties, based on the pres- 
ence or absence of a structural and functional motif, 
which led to the creation of a novel chemokine classifi- 
cation. CXC chemokines can be subdivided based on the 
presence of the ELR (Glu-Leu-Arg) motif, which pre- 
cedes the first cysteine residue on the N-terminus of these 
chemokines (10). ELR* chemokines are generally potent 
neutrophil chemoattractants with pro- angiogenic proper- 
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CXC Chemokincs 

Table 1 



Examples of CXC Chemokines with Angiogenic 
(ELR*) or Angiostatic (ELR~) Properties 



ELR* Chemokines 


ELR" CXC Chemokines 


IL-8 


PF-4 


ENA-78 


IP-10 


GRO-ct 


MIG 


GRO-P 


SDF-I 


GRO-y 




GCP-2 





IL-8. interieukin 8; ENA-78, epithelial neutrophil activating 
protein-78; GRO-Ot, growth related gene-ot; GCP-2, granu- 
locyte chemotactic protein 2; PF-4, platelet factor 4; IP-10, 
interferon inducible protein; MIG, monokine induced by in- 
terferon-r. SDF-I, stromal cell-derived factor- 1. 



ties, whereas CXC chemokines, which lack the ELR mo- 
tif (ELR"), are generally monocyte and T-cell chemo- 
attractants with potent angiostatic properties (2,10) (Ta- 
ble 1). 

CELLULAR PATHWAYS INVOLVED IN 
TUMOR ANGIOGENESIS 

Tumor growth requires sustenance of established en- 
dothelium, as well as proliferation of new blood vessels, 
a process referred to as angiogenesis (11-13). Formation 
of new blood vessels facilitates rapid and timely delivery 
of nutrients and oxygen, as well as removal of waste 
products; these processes, in turn, enhance tumor prolif- 
eration and sustenance. By releasing endothelial survival 
and growth factors, tumor cells promote neo-angiogen- 
esis, which supports their own growth and determines the 
size of the tumor mass. 

Tumor angiogenesis results from the balance between 
endothelial cell apoptosis and proliferation (14,15). Tu- 
mor cells, by elaboration of a wide variety of stimulatory 
factors including VEGF and FGFs, promote proliferation 
and suppress apoptosis of endothelial cells. Therefore, in- 
hibition of stimulatory signals and/or induction of apop- 
totic signals will result in a decrease in endothelial 
cell mass with a concomitant decrease in tumor cell 
mass (15). 

CXC CHEMOKINES AND 
PHYSIOLOGICAL/"NORMAL" 
ANGIOGENESIS 

The strongest experimental evidence supporting a role 
for chemokines in normal angiogenesis comes from 
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wound healing studies. It is well established that angio- 
genesis is required for efficient scarring and healing of 
wounds, a process that involves recruitment and activa- 
tion of inflammatory ceils. 

Previous studies demonstrated intense chemokine ex- 
pression in wounds, and showed a correlation with the 
recruitment of inflammatory cells. For instance, mono- 
cyte chemotactic protein- 1 (MCP-1) has been implicated 
in mast cell infiltration (16), whereas macrophage in- 
flammatory protein- la (MlP-la) attracts macrophages 
to the wound healing site (17,18). By attracting pro- 
inflammatory cells that can release angiogenic growth 
factors, chemokines may thus contribute to the neo- 
vascularization process required for efficient wound 
healing. 

Elevated chemokine levels have also been detected in 
processes that require physiological/normal angiogen- 
esis, such as the menstrual cycle. It was shown that levels 
of MCP-1 are highest premenstrually, and decrease with 
the increase in estrogen levels as the cycle starts (19). 
Finally, chemokine levels are elevated and correlate with 
an abundant leukocyte infiltrate in the mouse uterus dur- 
ing pregnancy (20). 

Given their role as potent leukocyte and other in- 
flammatory cell chemoattractants, and the pro-angiogenic 
properties of these cells, it is not surprising that chemo- 
kines may be involved in physiological/normal angio- 
genesis. However, few studies have tried to address these 
issues, and further experimental evidence is required to 
conclude whether chemokines play a crucial role in regu- 
lating physiological angiogenesis. 



CHEMOKINES AND TUMOR 
ANGIOGENESIS 

In contrast to the lack of experimental data on chemo- 
kines and normal angiogenesis, there is ample evidence 
supporting a role for chemokines in tumor/malignant an- 
giogenesis. Chemokine expression, particularly for the 
CXC chemokines containing the ELR motif (ELR*), is 
increased in a variety of tumors, and correlates with a 
more invasive (metastatic) and more vascularized (angio- 
genic) tumor phenotype (Table 2). A list of cancer types, 
the most abundant ELR + CXC chemokine detected, and 
the phenotypic changes in the tumors associated with in- 
creased chemokine expression are shown in Table 2. 
These studies have suggested that the level of expression 
of ELR + CXC chemokines may regulate different aspects 
of tumor biology such as tumorigenesis, the onset of me- 
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Table 2 

The Role of ELR* CXC Chemokines in Regulating Different 
Aspects of Tumor Biology; Shows Different Cancer Types, 
the Chemokine Detected at Highest Level in the Tumor, and 
the Change in Tumor Phenotype Associated with Such 
Expression 



Type of 



Cancer 


Chemokine 


Phenotype 


Reference 


Melanoma 


IL-8 


Angiogenesis, tu- 
mor growth, 
metastasis 


21 


Gastric carci- 


IL-8 


Angiogenesis, tu- 


22 


noma 




morigenesis 




Pancreatic 


IL-8 


Tumorgenesis, 


23 


cancer 




metastasis 




Head and 


IL-8 


Large primary 


24 


Neck 




tumor 




NSCLC 


IL-8 


Angiogenesis 


25 


NSCLC 


ENA-78 


Tumor progression 


26 


Ovarian carci- 


IL-8 


Tumor progression 


27 


noma 








Prostate 


IL-8 


Tumor progression 


28 


Mesothelioma 


IL-8 


Tumor progression 


29 


Glioblastoma 


IL-8 


Tumor progression 


30 



tastasis, and the acquisition of a more angiogenic pheno- 
type. 

As noted in Table 2, most studies identified interleu- 
kin-8 (IL-8) as the main pro-angiogenic chemokine ex- 
pressed in human tumors. Therefore, initial reports on the 
role of chemokines in tumor angiogenesis focused mostly 
on IL-8. It was first shown that IL-8 had the capacity 
to mediate endothelial cell chemotaxis, proliferation, and 
induce angiogenesis in vitro and in vivo (31,32). Note 
that these effects were observed in the absence of in- 
flammation, suggesting a direct effect on endothelial 
cells. 

A role for IL-8 in tumor angiogenesis was subse- 
quently investigated in tumor models in vivo. Neutraliz- 
ing antibodies against IL-8 blocked the growth and for- 
mation of metastasis by human prostate and lung tumors 
in severe combined immunodeficiency syndrome (SCID) 
mice (33). Other studies have reinforced the importance 
of IL-8 in regulating tumor growth. For instance, trans- 
fection of human gastric carcinoma (34) and melanoma 
(35) cells with IL-8 increased angiogenesis, tumorigene- 
sis, and formation of metastasis in nude mice. In mela- 
noma cells, increased IL-8 expression was shown to regu- 
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late the activity of matrix metalloproteinase-2 (MMP-2), 
which may explain the increased metastatic behavior of 
the transfected cells (36). Furthermore, in pancreatic can- 
cer, IL-8 is regulated by acidosis and hypoxia, and an 
increase in its expression is correlated with a more tumor- 
igenic and metastatic behavior of human pancreatic can- 
cer cells in nude mice (23). 

Note that IL-8, as for other CXC chemokines, has 
been suggested not to act directly on the tumor cells, sug- 
gesting that its tumor growth-promoting effects involve 
an increase in angiogenesis. However, expression of IL- 
8 receptors has been detected both on tumors as well as 
endothelial cells in breast cancer biopsies (37), whereas 
human colonic epithelium also expresses chemokine- 
related receptor-4 (CXCR4), a receptor for stromal 
cell-derived factor- 1 (SDF-1) (38). Furthermore, despite 
experimental evidence suggesting that the angiogenic ef- 
fects of IL-8 are exerted at the endothelial cell level, 
neither IL-8 binding nor IL-8-induced calcium flux was 
demonstrated on human umbilical vein or dermal micro- 
vascular endothelial cells and, even by reverse tran- 
scriptase-polymerase chain reaction (RT-PCR), IL-8 
receptors could not be detected on these cells (39). 



ELR- CXC CHEMOKINES BLOCK 
TUMOR ANGIOGENESIS 

As mentioned above, ELR + CXC chemokines such as 
IL-8 stimulate angiogenesis. Indeed, it has been sug- 
gested that the presence of this amino acid ELR motif 
may confer the angiogenic nature of chemokines. This 
hypothesis received further support from studies which 
demonstrated that ELR" CXC chemokines such as inter- 
feron inducible protein- 10 (IP- 10), platelet factor-4 (PF- 
4), and monokine induced by interferon (MIG) have angi- 
ostatic properties both in vitro and in vivo (2,32,40,41). 

Furthermore, in order to establish whether the pres- 
ence of the ELR motif was critical for the angiogenic or 
angiostatic role of CXC chemokines, site-directed muta- 
genesis was used to insert amino acid residues from IP- 
10 or PF-4 into the ELR motif of wild-type IL-8 (32). 
Conversely, using a similar approach, a mutant MIG pro- 
tein containing the ELR motif immediately adjacent to 
the first cysteine in its primary structure was created. As 
predicted, the mutated ELR" IL-8 had angiostatic activ- 
ity, whereas the mutant MIG produced positive angio- 
genic responses both in vitro and in vivo (32). 

These initial studies have also shown that ELR" CXC 
chemokines block endothelial cell chemotaxis and are ac- 
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tually capable of blocking the angiogenic effects of IL- 
8, epithelial neutrophil-activating protein (ENA)-78, and 
bFGF. The angiostatic action of these chemokines was 
demonstrated in established in vivo angiogenesis assays 
such as the corneal micropocket assay (42,43), and 
growth factor-induced neovascularization of subcutane- 
ously implanted Matrigel plugs in nude mice (44). In the 
corneal micropocket assay, implantation of pellets con- 
taining chemokines such as IL-8, ENA-78, growth- 
related protein (GRO)-a or granulocyte chemotactic 
protein (GCP)-2, VEGF, or bFGF produced positive an- 
giogenic responses (42,43). When combined with IP- 10, 
MIG, or SDF-1, the angiogenic properties of ELR + CXC 
chemokines, VEGF, or bFGF were markedly abrogated 
(45). Because there was no evidence of increased in- 
flammation, these results suggested that the angiogenic 
and/or angiostatic effects of CXC chemokines were pro- 
duced independent of their role in leukocyte chemoattrac- 
tion. 

Given the powerful in vitro and in vivo angiostatic 
effects of ELR" CXC chemokines, namely IP- 10 and 
MIG, there has been considerable interest in exploiting 
these properties in tumor models as a way to block tumor 
angiogenesis. Intratumor administration of recombinant 
IP- 10 was shown to decrease tumor growth and angio- 
genesis in mice bearing aggressive adenocarcinomas 
(45), and in non-small cell lung cancer-bearing mice, 
higher tumor and plasma IP- 10 levels correlated with a 
decrease in tumor incidence and delayed tumor progres- 
sion (46). Also in a model of human non-small cell lung 
cancer, overexpression of the ELR" CXC chemokine 
MIG resulted in decreased angiogenesis and tumor 
growth (41). 

It was suggested from these studies that by modulating 
the level of angiogenic versus angiostatic chemokines at 
the tumor site, it might be possible to decrease or block 
tumor angiogenesis and delay tumor growth. This may 
be achieved by systemic or local delivery of angiostatic 
chemokines, or alternatively by administration of agents 
known to modulate chemokine expression. Subsequently, 
monitoring the angiogenic versus angiostatic chemokine 
levels in tumors may give a prediction of the therapeutic 
outcome. 

This approach has been employed in preclinical stud- 
ies using the antitumor cytokine DL-12. In models of 
murine breast cancer (47) and human lymphoma (48), 
the levels of the antiangiogenic chemokines IP- 10 
and MIG correlated with decreased angiogenesis, de- 
layed tumor growth, and in some cases, cure after IL-12 
therapy. 



CHEMOKINE RECEPTORS AND 
ANGIOGENESIS 

Although most cell types produce different chemo- 
kines, chemokine receptors have considerable ligand 
specificity profiles. This is particularly striking for the 
ELR + CXC angiogenic chemokines (which bind CXCR- 
2) versus the ELR" CXC angiostatic chemokines, which 
bind CXCR-3 (see Fig. 1; reviewed in references 2 and 
49). IL-8 does, however, also bind CXCR-1, and SDF-1 
binds CXCR-4 (2,50). This apparent receptor specificity 
in angiogenic versus angiostatic chemokines has received 
further support from studies on the pathophysiology of 
Kaposi's sarcoma (KS). 

The KS-associated herpesvirus (KSHV) is detected in 
all KS biopsies, and has been implicated in the pathogen- 
esis of KS (51). In particular, certain oncogenic proteins 
encoded by the virus have been suggested to confer the 
angiogenic phenotype seen in KS lesions. One such pro- 
tein, encoded by the viral ORF74, is a G-coupIed receptor 



C-X-C Chemokines 





4- 




ELR 




IL-8 


ENA-78 


(Gro-a 




ELR" 

PF-4[|lP-10 MIG 1|SDF-: 




CXCR-3, CXCR-4 



Pro-angiogenic Angiostatic* 

Figure 1, Some of the CXC chemokine family members, di- 
vided according to the presence or absence of the ELR motif 
in their primary structure, their receptor specificity, and pro- 
angiogenic or angiostatic properties. IL-8, interleukin 8; ENA- 
78, epithelial neutrophil activating protein-78; GRO-a, growth 
related gene-cc; PF-4, platelet factor 4; IP-10, interferon induc- 
ible protein; MIG, monokine induced by interferon-?; SDF-1, 
stromal cell-derived factor- 1. ?: The receptor for PF-4 has not 
been identified. * Although SDF-1 is an ELR" chemokine, there 
is little evidence supporting an angiostatic versus a pro-angio- 
genic function. 
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which stimulates intracellular signaling leading to prolif- 
eration, and has been shown to induce an angiogenic phe- 
notype when transfected into normal cells (52). Note that 
this KSHV-G-protein-coupled receptor has a high degree 
of homology with CXCR-2 (52). 

Given their receptor-binding specificity, the angio- 
static chemokines IP- 10 (and possibly MIG) have also 
been suggested to represent unique members of the chem- 
okine family. In addition to CXCR-3, these chemokines 
bind a specific heparin sulfate proteoglycan-associated 
receptor on endothelial cells, exerting their angiostatic 
activity by inducing cell cycle arrest (53). 

GENE TARGETING OF CHEMOKINE 
AND CHEMOKINE-RECEPTOR GENES 

Despite significant evidence supporting a role for 
chemokines in angiogenesis, chemokine as well as chem- 
okine receptor-deficient mice have not been reported to 
have any major angiogenesis defects. Actually, there is 
an absence of chemokine knock-out studies documenting 
its effects on angiogenesis in normal or pathological con- 
ditions. The CXCR-4 (receptor for SDF-1) knock-out 
mice provide the exception, because these mice have 
hematopoietic deficiencies, cardiac defects, as well as 
defective vascularization of the brain (54). Finally, IP- 
10-overexpressing transgenic mice have defective post- 
wound healing neovascularization (55), highlighting the 
angiostatic properties of this chemokine described in 
other models. 

CONCLUSIONS 

A considerable amount of evidence supports a role 
for chemokines in tumor angiogenesis, whereas for 
physiological/normal angiogenesis, further experimental 
evidence is lacking. In tumors, the expression and activ- 
ity of ELR + CXC chemokines may also regulate tumor 
progression and the formation of metastasis. These prop- 
erties of chemokines may provide a basis for antitumor 
strategies aimed at blocking chemokine production or se- 
cretion by tumor as well as accessory cells. A diagram 
showing some of the CXC chemokines, and the ELR + 
(pro-angiogenic) and ELR" (angiostatic) members and 
their receptors can be seen in Figure 1 . 

Finally, given the apparent specificity of pro-angio- 
genic versus angiostatic chemokine receptors, it is legiti- 
mate to hypothesize that these may also have different 
downstream signaling pathways. Inhibitors for specific 
signaling intermediates or strategies to block receptor 
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function may thus have antiangiogenic as well as antitu- 
mor effects. 
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EXHIBIT K 



The CXC Chemokines IP-10 and Mig Are Necessary for 
IL-12-Mediated Regression of the Mouse RENCA Tumor 1 



Charles S. Tannenbaum, 2 * Raymond Tubbs,** David Armstrong,* James H. Finke,* 
Ronald M. Bukowski,* f and Thomas A. Hamilton* 

The role of the non-ELR-containing CXC chemokines IP-10 and Mig in antitumor activity induced by systemic treatment with 
IL-12 was examined in mice bearing the murine renal adenocarcinoma RENCA. IL-12 treatment produces a potent antitumor 
effect that is associated with tumor infiltration by CD8 + T lymphocytes. The regression of tumor is associated with the elevated 
expression of the IFN-y-inducible chemokines IP-10 and Mig within the tumor tissue. IP-10 and Mig have been shown to function 
as chemoattractants for activated T lymphocytes. In animals treated with rabbit polyclonal Abs specific for IP-10 and for Mig, the 
IL-12-induced regression of RENCA tumors was partially abrogated. This effect was associated with a dramatic inhibition of T 
cell infiltration. Thus, it appears that IL-12-dependent, T cell-mediated antitumor activity requires the intermediate expression of 
IP-10 and Mig to recruit antitumor effector T cells to the tumor site. The Journal of Immunology, 1998, 161: 927-932. 



Many cytokines, cither administered systemically or ex- 
pressed as transgenes by tumors, have been shown to 
promote significant antitumor activity in rodents (1- 
6). IL-12 is one of the most effective cytokines in such settings and 
results in high frequency cure of established, poorly immunogenic 
tumors (6-12). The mechanisms by which IL-12 induces antitu- 
mor function are believed to include the promotion of potent an- 
titumor immunity in which T cells of the Th 1 phenotype predom- 
inate (13-17). IL-12-mediated antitumor activity is dependent 
upon the presence of both CD4 + and CD8 + T lymphocytes and 
upon the production of IFN-y (7, 10, 1 1 ). A recent report from this 
laboratory demonstrated that the antitumor response stimulated by 
IL-12 correlated strongly with the production of the IFN-y-induc- 
ible chemokine IP-10 by cells within the tumor bed (6). IP-10 is a 
member of the CXC family of chemokines but is missing the ELR 
amino acid sequence motif that has been linked with neutrophil 
chemotaxis. The absence of this function reflects the inability of 
non-ELR CXC chemokines to bind with the IL-8R (CXCRl 3 and 
CXCR2) (18-20). Recently, a receptor exhibiting specificity for 
IP-10 and a related, non-ELR CXC chemokine termed Mig (21, 
22) has been identified (CXCR3) whose expression is restricted to 
activated T cells (23). This finding suggested the hypothesis that 
IL-12 induces expression of IP-10 and Mig chemokines secondary 
to the production of I FN- 7 and thereby stimulates enhanced re- 
cruitment of effector immune cells to the tumor site. 

The goal of the present study was to test this hypothesis by 
examining the antitumor activity of IL-12 in animals given Abs to 
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block the function of IP-10 and Mig. In BALB/c mice bearing 
established RENCA tumors, IL-12 treatment produces effective 
tumor regression (6, 7). Treatment with a mixture of rabbit poly- 
clonal Abs that recognize IP-10 and Mig produced a significant 
abrogation of the IL-12-mediated antitumor function that was as- 
sociated with a marked reduction in the infiltration of the tumor 
tissue with perforin-expressing CD8 + T cells. 

Materials and Methods 

Reagents 

Dulbecco's PBS was purchased from Mediatech l Washington DC). Aga- 
rose, SDS. guanidine isothiocyanate. cesium chloride, and phenol were 
purchased from Life Technologies (Gaithersburg. MD). Boehringer Mann- 
heim (Indianapolis, IN) was the source of restriction endonucleases, pro- 
teinase K, nick translation kits, random primer kits, reverse transcriptase. 
RNase inhibitor, and Taq polymerase. [ 12 P]dCTP was purchased from Du- 
Pont-New England Nuclear Research Products (Boston. MA). Reagents for 
SDS-PAGE and protein detenu ination were obtained from Bio-Rad Lab- 
oratories (Richmond, CA). Recombinant murine IL-12 was provided by 
both Genetics Institute (Boston, MA] and Dr. Michael Brunda (Hoffmann- 
La Roche. Nutley, NJ). Vector Laboratories (Burlingame. CA) was the 
source of biotinylated goat anti-rat IgG. Peroxidase-labeled streptavidin. 
biotinylated anti-rat IgG, and chromogenic substrate for immunohistology 
were purchased from Ventana Medical Systems (Tuscon, AZ). Rat mAbs 
against mouse CD4 and CD8 were purchased from Becton Dickinson 
(Mountain View, CA), and a mAb against mouse CD31 was provided by 
Dr. Alberto Mantovani (Mario Negri Institute. Milan, Italy). 

Animals 

Male BALB/c mice. 6 lo 8 wk old, were purchased from the National 
Institutes of Health ( Bethesda, MD) and housed in a specific pathogen-free 
animal facility. Animals were maintained in microisolator cages with au- 
toclaved food and bedding to minimize exposure to viral and microbial 
pathogens (24). 

Tumors 

RENCA is a spontaneously arising murine renal cell carcinoma and was 
isolated and maintained as described previously (25). Routinely, 4 x 10 5 
tumor cells in 0.1 ml of PBS were inoculated s.c. Fourteen days following 
tumor inoculation, animals received 0.5 jug of recombinant murine IL-12 
i.p. daily for the duration of the experiment, while control animals received 
vehicle alone. Tumor volumes were measured daily with a micrometer in 
two dimensions, and tumor size was estimated according to the formula: 
(smallest diameter) 2 x (longest diameter). Tumor growth under different 
treatment conditions was statistically analyzed using the Wilcoxon rank 
sum test. The p values obtained represent the two-sided value. 
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ANTITUMOR ACTIVITY OF iP-IO AND Mig 



Preparation of Abs 

Rabbit polyclonal Abs to Mig and IP-10 were produced by Biosynthesis 
(Lewisville. TX) using synthetic peptides selected from the IP-10 and Mig 
protein sequences (CIHIDDGPVRMRAIGK and CISTSRGTIHYKSLK 
DLKQFAPS. respectively) coupled to carrier protein K.LH. 

Western blot analysis 

RENCA cells in 100-mm diameter petri dishes were cultured in serum- and 
protein-free hybridoma medium (Sigma, St. Louis. MO) with or without 
stimulation by I FN- y for 24 h. Supernatant medium was dialyzed overnight 
against 25 mM NaP04, pH 7.4. and then mixed with a 40-p.l (bed volume) 
aliquot of heparin-Sepharose beads for 16 h at room temperature. The 
beads were washed in buffer and then boiled in the presence of 2% SDS 
sample buffer (26), and the eluted samples were separated by SDS-PAGE 
(15%). Proteins were then transferred to Nitrobind transfer membranes 
(Micron Separations, Westborough, MA) using a semidry transfer cell 
(Bio-Rad) for 45 min at 450 mA constant current in transfer buffer (48 mM 
Tris, 39 mM glycine, and 20% methanol. pH 9.2). Blots were blocked with 
5% nonfat milk in TBST (0.15 M NaCI. 0. 1% Tween-20. and 50 mM Tris. 
pH 7.4) at 20°C for 2 h. then incubated overnight with rabbit polyclonal 
Abs against IP-10 or Mig in 5% nonfat milk TBST solution (in some 
reactions, peptide against which the Ab was initially raised was included as 
a competitor at 1 jig/ml). After washing three times in TBST. filters were 
incubated at room temperature for I h with goat anti-rabbit lgG conjugated 
to horseradish peroxidase and then washed again as described above. Ab 
binding was detected using the ECL kit from Amersham (.Arlington 
Heights. IL). 

Immunohistologic analysis 

Immunohistology was performed as previously described (6, 25, 27). Tis- 
sues were snap- frozen in isopentane precooled in liquid nitrogen until sec- 
tioned. Frozen tissue sections (6 u,m ) were prepared, air-dried, fixed in cold 
reagent grade acetone for 10 min, and air dried. Rat mAbs against mouse 
CDS or CD31 were applied at concentrations optimally titrated against 
mouse thymus or mouse lung, respectively, and linked to streptavidin- 
peroxidase by biotinylated rabbit anti-rat IgG using the Ventana 320 au- 
tomated immunostainer (Ventana, Tuscon, AZ). The chromogenic sub- 
strate aminocarbazole/fkC^ followed by hematoxylin counterstaining was 
used to visualize positive reactivity. To quantify T cell infiltration into 
tumor tissues, the number of cells showing anti-CD8 reactivity in a series 
of high power fields was counted in several tumors from each experiment. 
Because the tumor tissue exhibited variable degrees of necrosis and vari- 
able distribution of T cell infiltrates, only fields of nonnecrotic tumor con- 
taining the highest T cell numbers for each experimental condition were 
included in the analysis. 

Plasmids 

Plasmids with inserts encoding murine IP-10 and perforin were previously 
described (6). A DNA fragment encoding a portion of the murine Mig 
mRNA sequence was obtained by RT-PCR using primers flanking the cod- 
ing region and RNA derived from IFN-7-stimulated mouse peritoneal mac- 
rophages. The PCR product was cloned into the plasm id pGEM 42. The 
methods for pi asm id DNA preparation were previously described (6). 

Analysis of mRNA expression in tumor tissue 

Total cellular RNA was extracted from 0.3 to 0.5 g of whole tumor tissue 
by homogenization with a Polytron sonicator/homogenizer (Brinkmann In- 
struments. Westbury. NY) for 1 min in guanidine isothionate followed by 
ullracentri (ligation through cesium chloride according to previously de- 
scribed methods (28, 29). Northern hybridization analysis was conducted 
as described previously (30. 31). Equal amounts of RNA (20 jig) were 
denatured, separated by electrophoresis in an agarose-formaldeliyde get. 
and blotted by capillary transfer onto nylon membranes. The blots were 
prehybridized 6 to 18 h at 42°C in 50% formamide, 1% SDS, 5x SSC, 1 X 
Denhardt's solution (0.02% Ficoll, 0.02% BSA, and 0.02% polyvinylpyr- 
rolidine), 0.25 mg/ml denatured salmon sperm DNA. and 50 mM sodium 
phosphate buffer. pH 6.5. Hybridization was conducted at 42°C for 12 to 
18 h with 10 7 cpm of denatured probe. The filters were washed twice for 
15 min each time at 55°C in 0.1% SDS-0.5X SSC. The blots were then 
exposed using XAR-5 x-ray film (Eastman Kodak. Rochester, NY) with 
DuPont (Wilmington. DE) Cronex Lightening Plus intensifying screens at 
-70°C. Expression of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) mRNA was used as an internal control and was applied in all 
experiments. 

Semiquantitative RT-PCR analysis of perforin mRNA was conducted as 
reported previously (6. 25. 32). One microgram of total RNA was amplified 
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FIGURE 1. Expression of IP-10 and Mig mRNA in tumor tissue from 
untreated and IL-12-treated mice. BALB/c mice were inoculated with 4 x 
10 5 RENCA cells s.c. Groups of six animals were not treated or were 
treated i.p. with 1L-12 (0.5 /ig/mouse/day) beginning on day 14 for 10 days 
before harvest of tumor tissue and preparation of total RNA. Twenty mi- 
crograms of RNA from each animal was subjected to Northern hybridiza- 
tion analysis as described in Materials an J Methods, using radiolabeled 
cDNAs corresponding to the indicated mRNAs. Similar results were ob- 
tained in three separate experiments. 



using an oligo(dT) antisense primer and AM V reverse transcriptase at 42°C 
for 1 h. The RT reaction products were used undiluted or at a 1/10 dilution 
for PCR amplification using 20 mM sense and antisense primers (see be- 
low) and Taq polymerase. PCR reactions were conducted in a Perkin- 
Elmer/Cetus DNA Thermal Cycler for 15 cycles (denaturation. I min. 
94°C: annealing, I min. 60°C; amplification, 2 min, 72°C). The primer 
sequences used were as follows: perforin antisense primer, GGTGGAGT 
GGAGGTTTTTGTACC; and perforin sense primer, CAGAATGCAAG 
CAGAAGCACAAG (perforin product size. 486 bp). These primers were 
chosen from separate exons to ensure that products derived from mRNA 
and contaminating genomic DNA could be distinguished. The PCR prod- 
ucts were separated by agarose gel electrophoresis and visualized by 
Southern hybridization analysis using radiolabeled cDNA encoding a por- 
tion of the perforin gene sequence. 

Results 

BALB/c mice were injected s.c with 4 X 10 s RENCA tumor cells ; 
and IL- 1 2 treatment (0.5 /xg/day i.p.) was initiated on day 14. 
Tumors in animals receiving saline vehicle grew progressively, 
while tumors in IL-12-treated animals regressed following a mod- 
est delay, confirming previous work (6). To examine the expres- 
sion of chemokines at the tumor site, total RNA was prepared from 
tumor tissue isolated from control or IL-I2-treated animals and 
analyzed for the expression of the IFN-7-inducible chemokine 
mRNAs by Northern hybridization (Fig. 1). IP-10 and Mig mRNA 
were readily detected in tumor tissue from IL-I2-treated animals, 
but not in tumors from untreated animals. 

To determine the functional importance of chemokine expres- 
sion in the IL-12-mediated antitumor activity, Abs against mouse 
IP-10 and Mig were raised in rabbits as described in Materials and 
Methods. The Abs were characterized by examining reactivity in 
Western blots with proteins secreted by cultured RENCA cells 
stimulated with IFN-7 (Fig. 2). While Ab to IP-10 reacts with a 
single band of approximately 8 kDa present only in the medium 
from IFN-y-stimulated cells, the Ab to Mig showed specific rec- 
ognition of three IFN-7-inducible peptide species of approxi- 
mately 14, 10, and 8 kDa. Specificity was further demonstrated by 
competition with peptides used as immunogens (Fig. 2). The het- 
erogeneity evident in the Mig protein may derive from post-trans- 
lational modification and/or from degradation following secretion. 

These Abs were subsequently employed to assess the roles of 
IP-10 and Mig in IL-12-mediated regression of RENCA tumors. 
BALB/c mice bearing 14-day-old RENCA tumors were treated 
with IL- 1 2 (0.5 p,g/animal/day) for 15 days with or without control 
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FIGURE 2. Analysis of IP-10 and Mig protein expression in RENCA 
cells in culture. Confluent cultures of RENCA cells in 100-mm petri dishes 
were not treated or were treated with 100 U/ml of murine I FN- y for 18 h 
in serum- and protein- free culture medium. Supernatant medium from each 
sample was dialyzed. adsorbed to heparin-Sepharose beads, e luted, and 
separated by 1 5% SDS-PAGE. Proteins were transferred to nitrocellulose 
filters and analyzed separately for reactivity with Abs against IP-10 or Mig 
in presence or the absence of specific peptide immunogen (I ^tg/ml) as 
indicated. Similar results were obtained in two separate experiments. 

or anti-chemokine Ig. Animals in groups of 12 received 1 mg of 
nonimmune Ig or anti-Mig and/or anti-IP- 10 Ig i.p. 1 day before 
the initiation of IL-12 treatment and at 3-day intervals (0.5 mg 
each) through the completion of the experiment. Tumors grew pro- 
gressively in otherwise untreated mice and in mice that were given 
nonimmune rabbit Ig. while growth of tumors in animals treated 
with IL-12 was inhibited (Fig. 3). In two separate experiments, the 
combination of anti-IP- 10 and anti-Mig significantly reduced the 
IL-12-mediated inhibition of tumor growth (p < 0.005 for the 
group treated with IL-12 and nonimmune Ig vs that treated with 
IL-12 and anti-IP- 10 and anti-Mig Ig). Indeed, by day 15 of treat- 
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ment. tumors from animals receiving both anti-chemokine Abs 
were approximately fivefold larger than tumors from animals 
treated with IL-12 alone or with nonimmune Ig. While treatments 
with anti-IP- 10 alone had no detectable effect on IL-12-driven an- 
titumor function, use of Ab to Mig alone produced a small reduc- 
tion of the response to IL-12, which was not statistically signifi- 
cant. These results indicate that Mig and IP-10 may be necessary 
for IL-I2-mediated anti-tumor activity. 

It has recently been shown that Mig and IP-10 mediate chemo- 
taxis of activated T cells via interaction with the CXCR3 receptor 
(22. 23, 33). Furthermore, the antitumor activity of IL-12 is 
heavily dependent on T cells (7, 10). To determine whether the 
observed inhibition of lL-I2-mediated antitumor activity by Abs 
against Mig and IP-10 might result from abrogation of T cell re- 
cruitment into the rumor bed, tumor tissue from animals treated 
with IL-12 along with control or anti-chemokine Abs was analyzed 
for T cell infiltration by immunohistology. Tumors prepared from 
IL-12-treated animals were heavily infiltrated with CD8 + T cells, 
confirming previous findings (6) (Fig. 4A), Tumor tissue from an- 
imals receiving Abs to both IP-10 and Mig throughout the course 
of IL-12 treatment exhibited a dramatic reduction in CD8 + T cell 
infiltration (this effect was observed in all four RENCA tumors 
examined and in two separate experiments). Quantification of 
CD8 + T cell infiltration was conducted by comparing numbers of 
T cells in sections of tumors from different treatment conditions 
(Fig. 4B). In each treatment group regions of the tumor that con- 
tained the highest level of T cell infiltration were identified, and the 
CD8^ T cells were enumerated in a series of high power fields. 
Regions of the tumor that exhibited necrosis were excluded. This 
analysis confirms the reduction in T cell numbers within rumors 
from mice receiving IL-12 plus anti-lP-10 and anti-Mig compared 
with those in animals receiving IL-12 alone or in the presence of 
nonspecific Ab. Furthermore, an intermediate reduction in T cell 
infiltration was observed in animals receiving IL-12 and only anti- 
Mig Ab. The number of CD4 + T cells infiltrating the tumors in 
IL-12-treated animals was also reduced in animals receiving the 
anti-chemokine Ig (data not shown). 

Previous studies from this laboratory demonstrated that perforin 
mRNA was strongly expressed in regressing RENCA tumors from 
mice treated with IL-12 (6). Perforin is a product of cytotoxic T 
cells and NK cells and may contribute to the antitumor activity of 
IL-12 (34-37). Portions of the RENCA tumors from the experi- 
ments shown in Figure 4 were used to prepare total RNA for semi- 
quantitative analysis of perforin mRNA levels using RT-PCR. The 
results obtained provide further confirmation of the histologic data 
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FIGURE 3. Abs to IP-10 and Mig inhibit IL-12- 
mediated antitumor activity. BALB/c mice were in- 
oculated with 4 X 10 5 RENCA cells s.c. On day 14, 
groups of 12 animals were treated with IL-12 alone 
or with control or anti-chemokine Abs as indicated. 
IL-12 (0.5 /ig/animal/day) was administered daily, 
and Abs were given I day before IL-12 and at 3-day 
intervals thereafter. Tumor size was measured as de- 
scribed in Materials and Methods daily through 15 
days of treatment. Results are presented as the 
mean * SEM. Similar results were obtained in two 
separate experiments. 
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FIGURE 4. Abs to IP-10 and Mig 
block CDS' T cell infiltration in IL- 12- 
treated RENCA tumors. A, RENCA tu- 
mors were obtained from animals 
treated, or not. with IL-12 in the presence 
or the absence of either control or anti- 
IP- 10 and anti- Mig Abs and were pro- 
cessed for immunohistology to detect the 
presence of CDS ' T cells as described in 
Materials and Methods. B, High power 
fields from each histologic section were 
analyzed for T cell infiltration as de- 
scribed in Materials and Methods. Re- 
sults are presented as the mean r SEM. 
Similar results were obtained in two sep- 
arate experiments. 
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(Fig. 5). Tumors from IL-12-treated mice had high levels of per- 
forin mRNA compared with untreated tumors, in which perforin 
mRNA was not detectable. Tumor tissue from animals treated with 
IL-12 and nonimmune rabbit Ig also expressed high levels of per- 
forin mRNA, while tumor from animals treated with IL-12 and 
anti-Mig/anti-IP-10 had significantly reduced perforin expression. 
In this experiment, the reduction in perforin mRNA from animals 
receiving Ab to Mig alone is also evident. 

Both IP- 10 and Mig have been shown to inhibit angiogenesis in 
vivo and in vitro (38-41 ). Furthermore, IL-12 has been reported to 
exhibit antiangiogenic activity, and this has been attributed to IL- 
12-dependent expression of IP-10 (42, 43). To test the possibility 
that our Abs were inhibiting IL-I2-mediated antitumor function by 
blocking the inhibition of angiogenesis, we assessed the relative 
intratumoral density of endothelial cells based upon immunoreac- 
tivity with a mAb against CD3 1. a marker highly specific for vas- 



cular endothelium. The density of CD3 1 -positive cells present in 
the tumor was not different between experimental groups (data not 
shown). Tumors from IL-12-treated mice exhibited significant ne- 
crosis, and examination of endothelial cell density was restricted to 
nonnecrotic areas of the rumor; the distribution and density of 
CD31 staining were, however, equivalent in all fields examined 
regardless of treatment condition. Because tumor tissue was rap- 
idly destroyed in T cell-dependent fashion following the initiation 
of IL-12 treatment, this result may not reflect the angiostatic po- 
tential of IL-12 or IP-10 and Mig. 

Discussion 

The goal of the present stady was to test the importance of the 
chemokines IP-10 and Mig in I L- 12 -mediated regression of 
RENCA tumor growth. Although IL-12 was originally identified 
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FIGURE 5. Abs to IP- 10 and Mig reduce 
perforin mRNA levels in IL-12-treated 
RENCA tumors. Tumors were obtained from 
animals treated with IL-12 with or without 
control or anti-chemokine Abs as indicated 
and were used to prepare total RNA. RNA 
samples from individual tumors was used for 
semiquantitative RT-PCR detection of perforin 
mRNA as described in Materials and Methods. 
PGR products were separated on agarose gels, 
blotted onto nylon membrane, and hybridized 
with a radiolabeled cDNA corresponding to 
perforin mRNA. Similar results were obtained 
in two separate experiments. 
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as a stimulus of NK cells, it has since has been characterized as an 
important cytokine in many physiologic and pathophysiologic set- 
tings (8, 14, 44-46). IL-12-stimulated antitumor function is de- 
pendent upon the induction of IFN-y and the presence of both 
CD4 + and CD8 + T cells (7, 9, 10). The observation that IL-12 
treatment induces high levels of IFN-7 in tumor-bearing nude mice 
without marked antitumor effects indicates that IFN-y is necessary, 
but not sufficient, for IL-12-mediated antitumor function (7. 9, 10). 
We hypothesize that the remarkable antitumor efficacy of IL-12 
derives from its ability both to enhance the T cell-mediated im- 
mune response to the tumor and to promote the infiltration of the 
tumor by activated effector T cells. Our results indicate that this 
latter objective is achieved via the IFN-y-mediated production of 
the non-ELR-containing CXC chemokines, IP- 10 and Mig, and is 
supported by the following observations. 1) Rabbit Abs to IP- 10 
and Mig, when provided in combination, reduce the antitumor ac- 
tivity of IL-12 against established RENCA tumors growing s.c. 2) 
The anti-chemokine Ab treatment results in a marked reduction in 
the infiltration of tumors by CD4 + and CD8" 1 " T cells and reduced 
expression of mRNA encoding the cytotoxic T cell effector mol- 
ecule perforin. 3) There was no detectable change in the tissue 
density of endothelial cells within tumors receiving any of the 
experimental treatments. 

While the effect of Ab treatment on antitumor function is not 
complete, the results clearly indicate that both chemokine gene 
products are functionally important components of the IL-12 an- 
titumor mechanism. Since both Mig and IP- 10 bind CXCR3 and 
mediate T cell chemotaxis (23), it is not surprising that both Abs 
should be required to achieve neutralization of IL-12-mediated T 
cell infiltration and tumor growth inhibition. Although statistically 
significant effects were only observed when Abs to both Mig and 
IP- 10 were administered, anti-Mig Ab alone appeared to produce 
a reduction in the action of IL-12 in several animals. In this regard 
Mig has also been shown to exhibit higher potency than IP- 10 in 
T cell chemotaxis (22, 23). 

The results presented here suggest that the effect of anti- 
chemokine Abs on IL-12-driven tumor regression is a direct con- 
sequence of their ability to block chemokine-mediated recruitment 
of activated T cells to the site. Such a scenario is consistent with 
an early report showing that IP- 10 expression by tumor cells could 
promote a strong T cell-dependent antitumor effect (47). Both 
IP- 10 and Mig have been shown to exhibit other nonchemotax is- 
olated activities that may be relevant to the antitumor effects of 
IL-12. Specifically, both chemokines have been reported to exhibit 
potent antiangiogenic activity in vitro and in vivo (38-41). Inter- 
estingly, CXC chemokines that possess an ELR amino acid motif 
immediately preceding the CXC motif have been demonstrated to 
be angiogenic agents, while those that do not have the ELR se- 
quence are angiogenesis inhibitors. (41). Indeed, the balance of 



expression of ELR"*" and ELR" CXC chemokines within a tumor 
has been proposed as an important determinant of progressive tu- 
mor growth and metastasis (41, 48). This hypothesis is supported 
by the finding that IP- 10 expression by human lung tumors in 
SCID mice is associated with reduced tumor growth potential, 
while neutralization of IP- 10 enhances growth (49). In our studies 
the density of endothelial cells within tumor tissue did not change 
in the presence of IL-12 treatment (and was not influenced by Abs 
to IP- 10 or Mig). This result should not, however, be interpreted to 
mean that IL-12 did not produce an angiostatic effect in RENCA 
tumors. Because RENCA tumors are rapidly destroyed in immu- 
nocompetent mice treated with IL- 1 2, the angiogenesis inhibitory 
action of IL-12 may be masked by its potent effect on the devel- 
opment of antitumor T cells. Thus, these experiments do not allow a 
direct determination of the antiangiogenic activity of IP- 10 and Mig. 
In addition to effects on neovascularization, both IP- 10 and Mig have 
also been reported to cause focal tumor necrosis when injected intra- 
tumorally or when expressed by tumor cells (50. 51). As discussed 
above with regard to angiogenesis inhibition, we cannot determine 
whether IP- 10 and/or Mig are responsible for enhanced tumor necro- 
sis because of the dominant role of T cell activity in this model. 

There have been numerous reports attesting to the ability of CC 
and CXC chemokines to promote antitumor activity when ex- 
pressed as transgenes by experimental tumors (39, 52-58). While 
there are examples where chemokine expression alone appears to 
be sufficient to promote an efficacious antitumor response, chemo- 
kines may function best in cooperation with other cytokine agents. 
For example, tumor cells transduced to express lymphotactin, a 
chemokine with specificity for T cells, grew normally when in- 
jected alone, but were destroyed rapidly in mice cotreated with 
IL-2 (59). The results of the present study support the concept of 
cooperativity between chemokines and other cytokines in antitu- 
mor strategies. IL-12 is able to promote chemokine expression 
through the enhanced expression of IFN-7; this may not be suffi- 
cient, however, and IL-12 also promotes expansion and activation 
of tumor-specific T lymphocytes. The IFN-y-induced chemokines 
may cooperate by recruiting such cells to the tumor site. One con- 
sequence of increased T cell infiltration would be additional IFN-7 
production and further enhancement of chemokine synthesis. It is 
also likely that the nonchemotactic functions of Mig and IP- 10, such 
as inhibition of angiogenesis, can act cooperatively with the chemo- 
tactic functions to promote more efficacious antitumor function. 
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Summary 

TWEAK is a member of the TNF ligand family that 
induces angiogenesis in vivo. We report cloning of a 
receptor for TWEAK (TweakR) from a human umbilical 
vein endothelial cell (HUVEC) library. The mature form 
of TweakR has only one hundred and two amino acids 
and six cysteine residues in its extracellular region. 
Five different assays demonstrate TWEAK-TweakR 
binding, and the interaction affinity constant (Kd) is 
within a physiologically relevant range of 2.3 D 0.1 nM. 
The TweakR cytoplasmic domain binds TRAFs 1, 2, 
and 3. Cross-linking of TweakR induces HUVEC 
growth, and mRNA levels are upregulated in vitro by 
a variety of agents and in vivo following arterial injury. 
Soluble TweakR inhibits endothelial cell migration in 
vitro and corneal angiogenesis in vivo. 

Introduction 

TWEAK is a member of the TNF family of cytokines that 
was first described as a weak inducer of apoptosis in 
transformed cell lines (Chicheportiche et al., 1997). 
TWEAK induces IL-8, IL-6, and ICAM-I expression in 
cultured human astrocytes (Saas et aJ., 2000), and cul- 
tured monocytes have been shown to respond to IFN-g 
by inducing surface expression of TWEAK (Nakayama 
et al., 2000). TWEAK mRNA expression is also downreg- 
ulated in murine models of inflammation (Chicheportiche 
et al., 2000). In addition, TWEAK induces proliferation 
of human smooth muscle and endothelial cells in vitro, 
and acts as a potent inducer of angiogenesis in a rat 
cornea pocket angiogenesis assay (Lynch et ai. t 1999). 
Given the involvement of TWEAK in inflammation mod- 
els and its expression pattern on monocytes it is impor- 
tant to identify the receptor for TWEAK in order to better 
elucidate its role in the immune as well as angiogenic 
systems. 

It was reported previously that TWEAK binds to DR3, 
a member of the TNF receptor family that contains a 

4 Correspondence: wiieys@immunex.com 



death domain in its cytoplasmic tail and can induce 
apoptosis (Marsters et al., 1 998). We have been unable 
to reproduce these results by using similar techniques. 
In addition, TWEAK-DR3 interaction could not be con- 
finned using slide binding assays performed either by 
overexpressing TWEAK in transfected cells and probing 
with DR3-lgG-Fc fusion protein, or by overexpressing 
DR3 in transfected cells and probing with TWEAK (data 
not shown). In agreement with these findings, recently 
published studies indicate that TWEAK does not bind 
DR3 and that a receptor specific for TWEAK must exist 
(Schneider et al., 1999; Kaptein et al., 2000). 

In this paper we report the identification of a member 
of the TNF receptor family, TweakR, which binds to 
TWEAK with high affinity. Members of the TNF receptor 
family can be identified by a distinctive set of cysteine- 
rich repeat regions in the extracellular domain (reviewed 
in Locksley et al., 2001). Most receptors have three to 
four of these regions, although some, such as the recep- 
tors for TRAILyApo2L and TACI have only two. One 
known member of the TNF receptor family, BCMA, has 
been described that has only one such region (Madry 
et al., 1998). TweakR also has just one cysteine-rich 
region in the extracellular domain, and with a total amino 
acid count of 1 02 (after signal peptide cleavage), it is the 
smallest TNF receptor family member so far described. 

While this manuscript was in preparation, Feng et al. 
(2000) reported the cloning, chromosomal location, and 
expression properties of a human gene named Fn14. 
The Fn1 4 and TweakR nucleotide sequences have 1 00% 
identity. The Fn1 4 gene was first identified using a differ- 
ential display approach to search for growth factor- 
inducible genes in murine NIH 3T3 fibroblasts, and Fn1 4 
itself was shown to be a plasma membrane-anchored 
protein (Meighan-Mantha et al., 1999). However, due to 
the degree of amino acid sequence divergence from 
other TNF receptor family members, Fn1 4 was not clas- 
sified as a member of the TNF receptor family. Here we 
demonstrate that this relatively small molecule is a fully 
functional member of the TNF receptor family able to 
transduce a signal to its host cell, and implicate TweakR 
in a variety of vascular cellular responses both in vitro 
and in vivo. 

Results 

Expression Cloning of TweakR from HUVECs 

An expression cloning panning approach was used to 
identify a TWEAK binding receptor expressed in HUVEC. 
Magnetic beads were coated with the C- terminal recep- 
tor binding domain of TWEAK and used for two rounds 
of panning of COS cells transfected with a HUVEC cDNA 
expression library. The resulting enriched pool was fur- 
ther broken down by slide binding (Goodwin et al., 1993), 
in order to identify a single clone encoding the TWEAK 
binding activity. Sequence analysis of the recovered 
clone predicted TweakR to be a type-l transmembrane 
protein with a single extracellular cysteine-rich region 
comprising six cysteine residues in its extracellular do- 
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Figure 1. Features and Homology of Predicted TweakR Primary Amino Acid Sequence 

(A1 ) Predicted primary amino acid sequence of TweakR showing major features. The leader sequence in underlined. The arrow indicates the 
predicted site of cleavage of the leader sequence. The region of TNF family receptor homology is shown in bold. The predicted transmembrane 
region is doubly underlined. The putative TRAF binding motif in the cytoplasmic domain is boxed. 

(A2) Alignment of TweakR to selected cysteine- rich domains of other members of the TNF receptor family. The family member and cysteine- 
rich domain number are indicated on the left. Boxes emphasize aligned cysteines. 

(B) Slide binding showing qualitative interaction of TweakR with TWEAK. Shown is an autoradiographic image of Cos cells transfected with 
TweakR versus control vector and probed with TWEAK- LZ and '"l-labeled M15 antileucine zipper antibody (1 and 2, respectively), or CV1- 
EBNA cells transfected with human full-length TWEAK versus control vector and detected with TweakR-Fc and 125 l-labeled goat antimouse 
IgG antibody (3 and 4, respectively). 

(C) CV-1 cells transfected with human full-length TWEAK were mixed at a 1 :30 ratio with Raji cells and incubated with various concentrations 
of '"l-labeled TweakR-Fc as described in the Experimental Procedures. Shown is a Scatchard representation of specific binding. (Inset) Plot 
of competitive inhibition of unlabeled verses ,2i I -labeled TweakR-Fc. 



main (Figure 1 , A1 ). An alignment of the cysteine-rich 
extracellular region with the cysteine-rich region of other 
TNF receptor family members revealed a weakly con- 
served pattern of extracellular cysteines (Figure 1, A2). 
The predicted twenty-eight amino acid cytoplasmic do- 
main contains a region, which bears resemblance to 
known binding sites for TRAF family signaling molecules 
(see below). Aside from the cysteine pattern, and the 
putative TRAF binding site, there is virtually no sequence 
conservation between TweakR and other TNF receptor 
family members. TWEAK-TweakR interaction was quali- 
tatively confirmed by slide-binding assays conducted 
by either transfecting the isolated TweakR cDNA clone 
into cells and detecting with TWEAK-LZ and 125 l-labeled 
antileucine zipper antibody, or conversely by transfect- 
ing a full length TWEAK cDNA clone into cells and de- 
tecting by TweakR-Fc and 125 l-goat antihuman IgG anti- 
body (Figure 1 B). 

TWEAK Ligand-Receptor Affinity 
Given the unusually small size of TweakR, and the lack 
of strong similarity to other TNF family receptors, it was 
necessary to determine the affinity of its interaction with 



TWEAK. The intrinsic affinity between TWEAK ligand 
and receptor was estimated by measuring the equilib- 
rium binding constant between TweakR-Fc and recom- 
binant full-length surface ligand transiently expressed 
on CV1/EBNA cells. Direct binding of t25 l -TweakR-Fc to 
surface ligand, plotted in Scatchard format (Figure 1C), 
gave an affinity constant of 2.3 □ 0.1 nM. Consistent with 
this value, competitive inhibition assays with unlabeled 
TweakR-Fc gave a K(l) of 2.5 n 0.1 nM (Figure 1 C, inset). 
Confirmation that TweakR is largely responsible for 
TWEAK binding to native cells was demonstrated by 
the ability of a monoclonal antibody against TweakR to 
significantly inhibit binding of TWEAK to endothelial 
cells as measured by flow cytometry (data not shown). 
Together these experiments represent five independent 
experimental approaches demonstrating a TWEAK- 
TweakR interaction. 

The TweakR Cytoplasmic Domain Binds 
TRAF1 , 2, and 3 

Many TNF receptor family members have been shown to 
bind members of the TRAF family of signal transduction 
molecules. This, combined with the observation that 
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Figure 2. Qualitative Binding of TRAFs to the TweakR Cytoplasmic 
Domain 

Indicated TRAF molecules were J5 S -labeled by coupled in vitro tran- 
scription/translation and incubated with GST beads (C), GST- 
Tweak R cytoplasmic domain fusion beads (T), or GST-RANK cyto- 
plasmic domain fusion beads (R). Beads were washed and the 
bound TRAF molecules were resolved by SOS-PAGE and visualized 
by autoradiography. 



the TweakR cytoplasmic domain contains a region that 
resembles TRAF binding motifs found in many TNF fam- 
ily receptors, led us to qualitatively test the ability of 
this region to bind to various members of the TRAF 
family. The 28 amino acid TWEAK cytoplasmic domain 
was fused to glutathione S-transferase (GST) and then 
bound to glutathione-Sepharose beads. Control beads 
bound with GST lacking the TweakR cytoplasmic do- 
main were used to determine background levels of bind- 
ing. Beads bound with the cytoplasmic domain of the 
TNF receptor family member RANK fused to GST were 
used as a positive control. This RANK-GST fusion con- 
struct is a high affinity TRAF binder that contains two 
sites for TRAF interaction and binds to TRAF1 , 2, 3, 5, 
and 6 (Gatibert et at., 1998). The beads were incubated 
with in vitro translated 35 S-labeled TRAF proteins. The 
results show that under the conditions used TRAF1 and 
TRAF2 can interact with the TWEAK cytoplasmic region 
GST coated beads above background levels (Figure 2). 
TRAF3 binding is weaker, but still above background 
levels. TRAF4 and TRAF6 showed no binding to the 
TweakR cytoplasmic domain above background levels. 
TRAFS did not express well in our in vitro system, and 
therefore the binding of this protein to the TweakR cy- 
toplamic tail could not be evaluated. 

Cross-Linking of TweakR Transmits a Proliferative 
Signal to HUVEC 

Although TweakR binds to TWEAK with an affinity that is 
consistent with other TNF ligand-receptor interactions, 
these data do not demonstrate that TweakR functions 
as a receptor, which can transduce a signal into the host 



cell. For example, it is formally possible that TweakR 
actually inhibits rather than promotes TWEAK signaling. 
In order to investigate whether or not the molecule re- 
sulting from the panning experiment was a functional 
receptor, a construct was made that fuses a synthetic 
Flag octapeptide epitope onto the N-terminal extracellu- 
lar domain of TweakR (Flag-TweakR). The resulting pro- 
tein was expressed by transient transfection in HUVEC 
and incubated with cross-linked antiFlag monoclonal 
antibody. Cross-linking the receptor in this manner 
avoids background from the endogenous TweakR ex- 
pressed by HUVEC. Proliferation was measured by BrdU 
incorporation into DNA. Lipid mediated transfection of 
HUVEC with Flag-TweakR resulted in expression of re- 
combinant Flag-TweakR on the cell surface by 36 hr 
posttransfection. The Flag-TweakR was expressed at a 
high level by 9% of the transfected HUVEC used in these 
experiments, with a mean fluorescence intensity (MFI) 
of 99 compared to the MFI of the vector only HUVECs 
of 4.5. The results are expressed as the fold increase 
in the number of BrdU positive cells (BrDU mAb-FITC 
positive cells) under each culture condition over the 
number of negative-control FITC positive cells. In vitro 
culture of Flag-TweakR expressing HUVEC with the 
complex of M2 antiFlag and goat antimouse IgG in- 
creased BrdU incorporation 3-fold over the level of BrdU 
incorporation observed by culturing Flag-TweakR ex- 
pressing cells with goat antimouse IgG alone (Figure 
3). Culture of Flag-TweakR expressing HUVEC with the 
complex of M2 antiFlag and goat antimouse IgG in- 
creased BrdU incorporation 6-fold over the level of BrdU 
incorporation observed by culturing vector alone-trans- 
fected HUVEC with the cross-linking complex. Incuba- 
tion with the cross-linking complex did not alter BrdU 
incorporation in vector alone-transfected HUVEC. The 
2 a increase in BrdU incorporation between cells ex- 
pressing Flag-TweakR relative to control cells in the 
absence of cross-linking is likely because of a low level 
of spontaneous signaling due to overexpresson of the 
receptor. These data provide direct evidence that de- 
spite its small size, TweakR is capable of initiating a 
proliferative signal in human endothelial cells. 

Regulation of TweakR mRNA Expression 
in Vascular SMC 

Previous studies have demonstrated that growth factor 
stimulation of quiescent murine or human fibroblasts 
promotes a transient increase in TweakR (Fn14) gene 
expression (Meighan-Mantha et al., 1999; Feng et aJ., 
2000). In consideration of the ability of TWEAK to stimu- 
late proliferation of endothelial and smooth muscle cells 
(Lynch et al., 1 999), we investigated whether TweakR 
gene activation also occurred in mitogen-stimulated 
vascular cells. First, rat aortic SMC were serum-starved 
and then treated with FGF-2 for various lengths of time. 
RNA was isolated and TweakR mRNA levels were exam- 
ined by Northern blot hybridization. A single TweakR 
transcript of »1.2 kb in size was detected in SMC. 
TweakR mRNA expression was transiently induced fol- 
lowing FGF-2 addition, with maximal levels detected at 
2 hr post-stimulation (Figure 4A). Second, we treated 
serum-starved SMC for 4 hr with various agents (e.g., 
phorbol ester, polypeptide growth factors, peptide 
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Figure 3. BrdU Incorporation into HUVECs Transfected with Either Empty Vector (pDC412) or a Flag Epitope-Tagged TweakR 

Triplicate cultures of cells transfected as indicated were incubated in media containing goat-antimouse IgG in either the presence or absence 

of M2 an ti Flag mAb. The results are expressed as the mean fold increase ■ SEM in BrdU positive cells compared to control for each culture 

condition. 



hormones), and then performed Northern blot analysis 
to determine whether TweakR gene expression could 
be induced by multiple, distinct, growth promoters. 
TweakR mRNA levels were significantly elevated above 
unstimulated levels following PMA, FBS, PDGF-BB, 



EGF, FGF-2, or Ang II treatment of rat SMC (Figure 4B). 
In comparison, TGF-fjjl 1 IGF-1 , or on- thrombin treatment 
had only a slight stimulatory effect. These results indi- 
cate that TweakR is a growth factor-regulated gene in 
vascular SMC. 
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Figure 4. Regulation of TweakR mRNA Expression in Rat Aortic SMC 

(A) Serum starved cells were either left untreated (0') or treated with FGF-2 for the indicated time periods. RNA was isolated, and equivalent 
amounts of each sample were analyzed by Northern blot hybridization using the two cDNA probes indicated. The positions of 28S and 18S 
rRNA are noted on the left with tick marks. 

(B) Serum starved cells were either left untreated (NT, no treatment) or treated with phorbol myri state acetate (PMA), fetal bovine serum (FBS), 
PDGF-BB, TGF-fl1, EGF, IGF-1, FGF-2, tn-thrombin, or angiotensin II (Ang II) for 4 hr. RNA was isolated, and equivalent amounts of each 
sample analyzed by Northern blot hybridization. 
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Figure 5. Photomicrographs of En Face Preparations of Rat Aortae Examined for Tweak R Expression by In Situ Hybridization with "S-UTP 
Labeled An ti sense and Sense Probes 

(A) The uninjured aorta showed low levels of TweakR expression in the endothelium. 

(B) Proliferating and migrating endothelium at the wound edge 8 days after aortic injury revealed upregulated expression of TweakR. The still 
denuded area is located on the right 

(C) Strong expression of TweakR mRNA was seen in proliferating SMC forming the neointima at 8 days following balloon injury. 

(D) Hybridization with the sense probe showed very little background hybridization in SMC 8 days after injury. Hematoxylin was used for 
staining nuclei, and all specimens were viewed under dark field illumination at 200 ■ original magnification. 



TweakR mRNA Expression in Injured Rat Arteries 
A common clinical situation that involves proliferation 
of both smooth muscle and endothelial cells results from 
vessel damage induced by balloon angioplasty. There- 
fore, we examined TweakR mRNA expression following 
balloon catheter denudation of rat carotid arteries. 
In situ hybridization of en face preparations using 
35 S-labeled riboprobes allowed us to compare TweakR 
mRNA expression levels in quiescent vs. proliferating 
EC, and also to examine TweakR mRNA expression in 
SMC accumulating on the luminal surface after injury. 
We found that endothelium from uninjured arteries ex- 
pressed low levels of TweakR mRNA (Figure 5A); how- 
ever, significantly higher levels of expression were de- 
tected in proliferating EC at the wound edge (Figure 5B). 
In addition, high levels of TweakR mRNA expression 
were found in proliferating, intimal SMC at 8 days after 
injury (Figure 5C). All en face preparations probed with 
a 35 S-labeled TweakR sense riboprobe as a control re- 
vealed low levels of hybridization (Figure 5D). These 
results indicate that TweakR mRNA expression is upreg- 
ulated in proliferating EC and SMC in vivo. 



TweakR-Fc Inhibits Migration of HRMECs In Vitro 

Angiogenesis is a multi-step process that requires not 
only proliferation, but also morphological alterations and 
migration of vascular cells. Therefore, the effect of 
blocking TweakR signaling on endothelial cell migration 
was tested by use of an in vitro planar endothelial cell 
migration (wound closure) assay (Daniel et al„ 1 999). In 
this assay, migration of primary human renal microvas- 
cular endothelial cells (HRMEC) is measured by the rate 
of closure of a circular wound in a cultured cell mono- 
layer. The rate of wound closure is linear, and is dynami- 
cally regulated by agents that stimulate and inhibit angi- 
ogenesis in vivo. By fusing the extracellular portion of 
TweakR to the human lgG1-Fc domain (TweakR-Fc), a 
soluble inhibitor of TweakR signaling was created. Two 
stimuli were used to increase the rate of closure of the 
HRMEC: PMA or EGF (Figure 6A and 6B). TweakR-Fc 
inhibited PMA- stimulated endothelial cell migration in a 
dose responsive manner, reducing the rate of migration 
to near basal levels at 1 .5 ag/ml. Neither hulgG-Fc nor 
TweakR-Fc added alone inhibited basal (un induced) mi- 
gration (Figure 6A). EGF-induced HRMEC migration was 
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Figure 6. Human Tweak R-Fc Inhibits PMA- or EGF- Stimulated Endothelial Cell Migration In Vitro 

(A) At the time of wound initiation, basal media was supplemented with PMA, PMA O hulgG-Fc, PMA B titrated Tweak R-Fc, hulgG-Fc alone, 
or huTweakR-Fc alone at the concentrations indicated. After 1 2 hr of incubation the means of the residual wound areas, expressed as fractions 
of the original wound, were converted into migration rate (expressed as the percentage of the original wound area covered per hour). The 
results expressed in the columns are the mean migration rate for each condition (triplicate cultures) at 1 2 hr B SEM (error bars). 

(B) At the time of wound initiation, basal media was supplemented with EGF, EGF B hulgG-Fc, EGF B titrated TweakR-Fc, hulgG-Fc alone, 
or TweakR-Fc alone at the concentrations indicated. The experiment was performed and analyzed as described in (A). 



similarly inhibited by TweakR-Fc, reducing the rate of 
migration to unstimulated levels at 5 tag/ml (Figure 6B). 
These results indicate that endogenous TWEAK regu- 
lates endothelial cell wound closure rate in this assay. 



TweakR-Fc Inhibits FGF-2-Stimulated Corneal 
Angiogenesis In Vivo 

In order to test the relevance of signaling by TweakR in 
vivo, TweakR-Fc was tested for its ability to inhibit FGF- 
2 -induced angiogenesis in a mouse cornea pocket 
assay (Figure 7). In this assay, agents to be tested for 
angiogenic or antiangiogenic activity are immobilized in 
a slow release form in a hydron pellet, which is implanted 
into micropockets created in the corneal epithelium of 
anesthetized mice. Quantitation is measured by photog- 
raphy using a slit-lamp microscope followed by analysis 
with image processing software. Vascularization is mea- 
sured as the area, density, and extent of vessel growth 
from the vascularized corneal limb us into the normally 
avascular cornea. The results show that local adminis- 
tration of TweakR-Fc (100 pmol) inhibited FGF-2-stimu- 
lated corneal angiogenesis (Figure 7A), reducing the 
vascular area to 50% of that induced by FGF-2 alone 
or FGF-2 plus control-lgG-Fc (Figure 7B). In addition to 
reducing vascular area, local administration of TweakR- 
Fc significantly inhibited FGF-2-stimulated induced ves- 
sel density (imaged on hemoglobin) by 70% compared 
to the vessel density in the presence of the control pro- 



tein IgG-Fc. This demonstrates that TweakR signaling 
plays a role in certain types of angiogenesis in vivo. 



Discussion 

The results presented here describe the identification 
and initial functional characterization of a receptor for 
TWEAK in endothelial cells. The TweakR is a type- 1 
transmembrane protein of 128 amino acids in length, 
making it the smallest of all known TNF receptor family 
members. It has only one cysteine-rich domain in the 
extracellular region, a feature shared with just one other 
known TNF receptor, BCMA (Madry et al., 1998). The 
short 28 amino acid putative cytoplasmic domain con- 
tains a sequence that is similar to TRAF binding motifs 
found in other TNF family receptors. However, these 
features are only clear in hindsight. Based on the primary 
amino acid sequence alone, it is very difficult to identify 
TweakR as a member of the TNF receptor family, or 
even as a receptor of any kind. An alignment of the 
cysteine-rich region of TweakR with those of other TNF 
receptor family members demonstrates the high degree 
of divergence from other family members (Figure 1 , A2). 

Despite this unusually small extracellular domain, and 
divergence in the cysteine-rich repeat region, the Ka of 
TWEAK-TweakR interactions (4.2 E 10 s fvT 1 ) is similar 
to the affinity of CD30 to its receptor (4.0 Q 10 s ) when 
measured the same way (Smith et al., 1993). Although 
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Figure 7. TweakR-Fc Treatment Reduces FGF-2 -Stimulated Corneal Angiogenesis in the Mouse 

(A) Representative photographs illustrating corneal vessel growth in vehicle only containing pellets as compared to localized administration 
of FGF-2 and concomitant administration of FGF-2 and TweakR-Fc. 

(B) The results were quantified as described in Experimental Procedures. The fractional vascularized area of the cornea and the total vascular 
density within the corneal perimeter induced by FGF-2 in the presence of no inhibitor, hulgG or TweakR-Fc is shown (columns - mean, error 
bars - SEM). A significant decrease in new corneal vessels is observed with concomitant administration of FGF-2 and TweakR-Fc (p - 
0.0028). Values for each experimental condition are obtained from a total of nine separate animals. 



this affinity is approximately 20-fold less than that mea- 
sured forTNF binding to TNF-R1, it is still in the physio- 
logical range for this family of ligand- receptor cognates. 
Also, the binding curve produced by the analyses is a 
monovalent curve, as opposed to the bivalent curve 
sometimes seen in similar analyses with other TNF fam- 
ily members. This indicates that only one type of binding 
site was detected, rather than a mixture of high and low 
affinity sites. 

The 28 amino acid cytoplasmic domain of TweakR is 
also much smaller than many other receptors in the 
family. Nevertheless, the cytoplasmic region is capable 
of binding TRAF family members 1 t 2, and 3 (Figure 2). 
Although this does not rule out other potential signaling 
pathways, one possible mechanism for TweakR signal- 
ing is through the TRAF family of adaptor proteins. After 
transfection into endothelial cells, full-length TweakR 



transduces a proliferative signal into the cell following 
receptor cross-linking (Figure 3). Cross-linking via an 
extracellular artificial epitope, rather than using the natu- 
ral ligand, ensures that the increase in proliferation is 
due to signaling by TweakR, as opposed to some other 
hypothetical receptor for TWEAK. Therefore, despite its 
small cytoplasmic region, TweakR is a functioning re- 
ceptor. 

Northern blot analyses show that TweakR gene ex- 
pression is rapidly up regulated in smooth muscle cells 
by a variety of agents and known growth factors (Figure 
4). This leaves open the possibility that TweakR might 
be involved in a range of biological activities. One such 
activity is endothelial cell migration, which is a neces- 
sary component of angiogenesis. The rate of wound 
closure in a HRMEC monolayer is enhanced by multiple 
stimuli such as PMAand EGF. Blocking TweakR reduces 



Immunity 
844 



this enhanced rate of wound closure back to unstimu- 
lated levels (Figure 6). Presumably, this is due to inhibi- 
tion of a TWEAK-TweakR autocrine loop. This possibility 
is supported by RT-PCR data indicating that these cells 
coexpress TWEAK and TweakR transcripts (data not 
shown). Failure of TweakR-Fc to inhibit the basal rate 
of closure suggests that induction of the TweakR path- 
way is a required component of this autocrine loop. 
The ability to neutralize this enhanced rate of closure is 
evidence that TweakR is a required part of the activation 
seen by PMA and EGF. Interestingly, the basal rate of 
wound closure is not significantly affected by TweakR- 
Fc, demonstrating that the basal response is not depen- 
dent on TweakR signaling. 

We also found that FGF-2 angiogenic activity can be 
partially blocked by inhibition of TweakR signaling in 
vivo (Figure 7). Again, this implies that at least in part, 
a TWEAK-TweakR interaction mediates some of the 
FGF-2 effect. In particular, the effect of blocking 
TWEAK-TweakR signaling was more dramatic on vessel 
density than it was on overall vessel area 

TweakR mRNA expression is induced during tissue 
regeneration, both during repair of a denuded rat artery 
(Figure 5), and during liver- regeneration (Feng et al., 
2000). A pattern that seems to be emerging is that 
TweakR expression is upregulated in growing or regen- 
erating tissues. Whether this expression is largely re- 
stricted to endothelial and smooth muscle cells is not 
clear. TweakR, for instance, is also present in fibroblast 
cells (Meighan-Mantha et al., 1999; Feng et al., 2000), 
and TWEAK can induce a signal in astrocytes (Saas et 
al., 2000). However, additional in situ hybridization data 
showing the cellular localization of TweakR expression 
in developing and regenerating tissues must be gener- 
ated in order to help clarify the role of this molecule. 
Regardless of its presence in cell types not directly asso- 
ciated with vasculature, data presented here argue for 
a role for TweakR in vascular cell migration and angio- 
genesis. 

Two other members of the TNF family have also pre- 
viously been implicated in angiogenesis: TNF and Fas 
ligand (Pandey et al., 1995; Biancone et al., 1997). How- 
ever, these effects are thought to be indirectly mediated 
by production of pro-angiogenic endothelial growth fac- 
tors (Yoshizumi et al., 1992). In contrast, the proliferative 
effect of TWEAK on endothelial cell growth is not con-e- 
lated with TWEAK-induced expression of known pro- 
angiogenic factors or their receptors (Lynch et al., 1 999). 
This implies that the angiogenic effect of TWEAK in a 
cornea pocket angiogenesis assay is a direct effect 
rather than one mediated by better characterized angio- 
genic factors such as VEGF and FGF. However, the 
effects of some other angiogenic factors may be medi- 
ated in part by TWEAK-TweakR interactions. For exam- 
ple, both FGF-2 and EGF can upregulate TweakR ex- 
pression in fibroblasts (Meighan-Mantha et al., 1999) 
and smooth muscle cells (Figure 4). We have shown that 
blocking TweakR signaling inhibits both EGF-stimulated 
endothelial cell wound closure (Figure 6B) and FGF-2- 
induced cornea angiogenesis (Figure 7). 

In summary, TweakR, despite its small size, is a fully 
functional receptor for TWEAK, capable of both binding 
TWEAK at a reasonable affinity and of transducing a 
proliferative signal to endothelial cells. A variety of data, 



both in vitro and in vivo, supports the hypothesis that 
the TWEAK-TweakR system plays a role in endothelial 
cell growth and migration. This system may be important 
for both the biological activity of the TWEAK ligand itserf , 
as well as for the biological activity observed with other 
more thoroughly characterized proangiogenic mole- 
cules. 

Experimental Procedures 
Cell Culture 

Adult rat (Sprague-Dawley) thoracic aorta SMC were kindly provided 
by M. Majesky, Baylor College of Medicine, Houston, Texas. The 
cells were cultured at 37*C in a 1 :1 mixture of Dulbecco's modified 
Eagle's medium and Ham's F-1 2 medium (Mediatech) supplemented 
with 5% fetal bovine serum (FBS; Hyclone Laboratories), 100 U/ml 
penicillin, 100 iug/ml streptomycin, and 0.25 tyg/ml amphotericin B 
(JRH Biosciences). SMC cultures were fed every 48 hr and expanded 
by trypsin-EDTA (JRH Biosciences) treatment and subcutturing at 
a 1:5 split ratio. Cells were incubated for —72 hr in cell culture 
medium containing 0.5% FBS to obtain a relatively quiescent SMC 
population. Serum-starved cells were then either left untreated or 
treated with one of the following: 10 ng/ml human recombinant 
FGF-2 (Bachem), 10 ng/ml human recombinant PDGF-BB (Gen- 
zyme), 2 ng/ml human recombinant TGF-fil (R&D Systems), 1 0 ng/ 
ml human recombinant IGF-1 (Bachem), 10% FBS, 20 ng/ml phorbol 
myristate acetate (PMA; Sigma), 10 ng/ml EGF (Genzyme), 10"' M »- 
thrombin (Sigma), or 1 0~* M angiotensin II (Ang II; Bachem). Primary 
human renal microvascular endothelial cells, HRMEC, were isolated, 
cultured, and used at the third passage after thawing as described 
(Martin et al., 1997). All other cell lines were cultured to a density 
of 2-5 ■ 10 s cells per ml in RPMI medium supplemented with 10% 
fetal bovine serum, 100 iyg/ml streptomycin, and 100 \yg/m\ peni- 
cillin. 

Plasmid Construction and Expression 

pDC41 2-LZ-TWEAK, the soluble form of human TWEAK, was con- 
structed with a modified leucine zipper (LZ) on the N terminus pre- 
ceded by the growth hormone leader. The construct was made 
essentially like the previously described soluble LZ-CD40 ligand 
(Fanslow et aJ., 1994) in the mammalian expression vector pDC412, 
a derivative of pDC409 (Wiley et al., 1 995) that reverses the order 
of the Bglll and Notl sites in the multiple cloning vector. Flag -TweakR 
was created by fusing the leader sequence of the murine Ig a-chain 
(amino acids 1-21) to a Flag synthetic epitope, and abutting to the 
N-terminal end of the mature TweakR (amino acids 35-1 29), which 
was then placed in the pDC41 2 vector. TweakR-Fc was produced 
by placing amino acids (1 -79) of TweakR into the Sall-Bglll site of the 
pDC41 2-Fc vector (Smith et al., 1 993). Expression and purification 
of the TweakR-Fc protein was performed essentially as described 
(Goodwin et al., 1993). 

Expression Cloning of TweakR cDNA 

pDC409-LZ-TWEAK conditioned s u per nat ants were produced by 
transient transfection into CV1-EBNA cells. These supematants 
were incubated with magnetic beads coated with polyclonal goat 
antimouse antibody (Ambion) that had previously been incubated 
with a mouse monoclonal antibody against the leucine zipper (Ml 5, 
5 ug/ml). Control beads were produced by mixing the M15 coated 
beads with supematants from cells transfected with empty vector. 
A monolayer of COS cells, grown in a T1 75 flask, was transfected 
with 15 tug of DNA from a HUVEC cDNA expression library (Edge 
Bio systems). The complexity of the DNA pools was M 1 00,000. After 
2 days these cells were lifted from the flask by non enzymatic means 
(Cell Dissociation Solution; Sigma) and incubated in 1 .5 ml of binding 
media (Goodwin et al., 1993) plus 5% nonfat dried mitk for 3 hr at 
4*C on a rotator wheel. Cells were precleared by adding 1 yg of 
control beads and rotated at 4'C for an additional 45 min, after 
which bead-bound cells were removed with a magnet Preclearing 
was repeated 2 to 3 times before 1 nig of the TWEAK-coated beads 
was added to the cells, which were then rotated 30 min at 4'C. Cells 
binding the TWEAK beads were separated by use of a magnet and 
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washed four times in PBS. Plasm id ONA was extracted from these 
celts by lysing in 0.1 % SDS and used to transform the Escherichia 
coil strain OH101 B. Colonies were grown 16 hr on ampicillin selective 
media. Transformants were pooled and used as a source of plasmid 
DNA pools for the next round of panning. After two rounds of pan- 
ning, the positive clones were picked from the resulting pool using 
a slide binding protocol. Slide binding was performed as described 
(Goodwin et al., 1993), with the exception that TweakR positive 
slides were detected by incubation with pDC41 2 -LZ -Tweak condi- 
tioned supernatant s followed by incubation with '"(-labeled Ml 5 
anti leucine zipper. 

TRAF Binding 

TRAF binding to cytoplasmic domain GST fusion proteins was per- 
formed as described (Galibert et a)., 1 998) except that the "S -labeled 
TRAFs were produced using a coupled in vitro transcription and 
translation system (TNT Labeling Kit, Pro mega Corp., Madison, Wis- 
consin). 

Receptor-Ligand Binding Assays 

Equilibrium binding isotherms between 1Is l-TweakR-Fc and surface 
TWEAK ligand were determined by standard methods (Smith et al., 
1993). Briefly, CV1/EBNA cells transfected with full-length human 
TWEAK ligand were diluted 30-fold into Rajt cells (TWEAK -negative), 
and the suspension (1 .7 ■ 1 0 7 total cells/ml) incubated with serially 
diluted '"l-TweakR-Fc (4.4 ■ 10 1S cpm/mmole) in a total volume of 
150 ml for 2 hr at 4"C. Duplicate aliquots of suspension were sam- 
pled, free and bound 1M l-TweakR-Fc determined, and the data plot- 
ted in Scatchard format. Competitive inhibition assays were per- 
formed similarly (Smith et al., 1996) with 0.1 nM m l-TweakR-Fc 
incubated with cells and increasing concentrations of unlabeled 
inhibitor (TweakR-Fc). Data were fitted to a single site competitive 
inhibition equation (Smith et al., 1 993). 

RNA Isolation and Northern Blot Hybridization 
Total RNA was isolated from cultured SMC using RNA Stat -60 (Tel- 
Test) according to the manufacturer's instructions. Northern blot 
hybridization analysis was performed as described (Meighan-Man- 
tha et al., 1999). The cDNA hybridization probes were mouse 
TweakR/Fn14, —1.0 kb EcoRI/Xhol fragment of pBluescript/mFn14, 
and human GAPDH, —0.8 kb Pstl/Xbal fragment of pHcGAP (Ameri- 
can Type Culture Collection). 

Arterial Injury Model and In Situ Hybridization 
Carotid arteries from anesthetized male Sprague-Dawley rats were 
denuded with a balloon catheter and perfusion fixed as described 
(Silverman et al., 1999). In situ hybridization was performed on en 
face preparations of vessel segments as described (Silverman et 
al., 1999). A pBtuescript/Fn14 plasmid containing the murine Fn14 
cDNA sequence without the 3* untranslated region and poly(A) tail 
was constructed using standard techniques. This plasmid was lin- 
earized with Smal, transcribed with T7 polymerase to make the 
antisense probe or linearized with Apal, blunt ended with T4 DNA 
polymerase 1 , and then transcribed with T3 polymerase to make 
the sense probe. Vessel segments were treated with proteinase K 
(1 j|g/ml) for 15 min at 37*C, prehybridized for 2 hr at 55"C in 0.3 M 
NaCI, 20 mM Tris-HCI (pH 7.5), 5mM EDTA, 1X Denhardt's solution, 
10% dithiothrertol, and 50% formamide, and incubated with the 
appropriate p'SJUTP-labeled riboprobe for 1 6 hr at 55^C. After wash- 
ing, the slides were coated with autoradiographic emulsion (Kodak, 
NTB2), exposed for 2 weeks, and then developed. All specimens 
were examined under dark-field iUumination after nuclear counter- 
staining with hematoxylin. Images were photographed and digitized. 

BrdU Incorporation in Transfected HUVECs 
Proliferating human umbilical vein endothelial cells (HUVEC) ob- 
tained from BioWhittaker-Clonetics (Walkersville, Maryland) were 
grown in EGM-2 media (Clonetics) and then subjected to lipid-medi- 
ated DNA transfection. HUVECs were plated overnight at 3 ■ 10 s 
per well in six-well plates, in 2.0 ml of EGM-2 medium per culture. 
The following day, transfection solutions were prepared using poly- 
styrene tubes. Perfect Lipid #7 (Invitrogen, Carlsbad, California) 
was added to serum free endothelial basal media (EBM; Clonetics) 



at 30 iug per 0.5 ml for each transfection and then incubated at 
room temperature for 30 min. The transfection DNA was added to 
separate tubes in serum free EBM at 5 ug per 0.5 ml for each 
transfection. The lipid and DNA solutions were then combined to 
make 1 .0 ml of solution per transfection, which produced a solution 
with a lipid-to-DNA ratio of six to one (30 «g lipid to 5 <yg DNA). The 
solution was then incubated for 1 5 min at room temperature. 

Cell culture media was aspirated from all wells containing HUVEC 
for transfection. Then 1 .0 ml of the appropriate transfection solution 
was added to culture wells and an additional 1 .5 ml of serum free 
EBM was added. The transfection then proceeded at 37"C for 6 hr 
at 5% CO). Upon completion of incubation, the transfection solution 
was aspirated, and two washes were performed using 2.0 ml of 
pyrogen free PBS per wash. EGM-2 media was added back at 2.0 
ml per well, and cells were incubated for 36-40 hr. Small samples 
of transfected cells were taken to determine the level of Flag -TWEAK 
expression by flow cytometry using M2 anti flag as a detection re- 
agent. 

The remaining HUVEC were used for proliferation assays in tripli- 
cate culture for each stimulation condition tested. First, anti- Flag 
M 2 at 20 gig/ml per well of culture media was cross-linked with a goat 
anti-mouse IgG (Southern Biotechnology Associates, Birmingham, 
Alabama) at 40 mg/ml. This complex was preincubated for 1 5 min 
at room temperature and then added to culture (cross-linked M2). 
The culture medium was aspirated, the wells were washed once 
with pyrogen free PBS. and EBM plus 0.05% FBS was added back 
at 2.0 ml per well. The goat anti mo use IgG alone or cross -linked 
M2 was then added to culture wells, and the assay was incubated 
for 3 days at 37"C and 5% CO ; . One day before harvest, BrdU (BrdU 
Row Kit; BD Pharmingen, San Diego, California) at 10 rj|M final 
concentration was added to the cultures according to the manufac- 
turer's instructions. Cells were incubated an additional 24 hr before 
trypsinization for assessment of BrdU incorporation. BrdU incorpo- 
ration was measured by flow cytometry using a FITC -conjugated 
antiBrdU antibody supplied with the kit. BrdU mAb staining was 
compared to control staining and binding results analyzed using a 
FACScan (Becton Dickinson). In our hands, transfection efficiencies 
for Flag-TweakR using Lipid 7 averaged 8%. Flow cytometric BrdU 
incorporation results were evaluated by intensity of antiBrdU mAb 
binding and the percentage of the cells that bound antiBrdU mAb. 

Planar Endothelial Migration Assay 

Replicate circular lesions or "wounds' 1 of 600-800 micron diameter 
were generated in confluent HRMEC monolayers using a silicon 
tipped drill press. At the time of wounding, the medium (DM EM a 
1 % BSA) was supplemented with 20 ng/ml PMA (phorbol 12-myris- 
tate 1 3-acetate), 4 ng/ml EG F, and 0.1 50-5 tug/ml TweakR-Fc, or a 
combination of 40 ng/ml EGF and 0.1 50 to 5 ryg/ml TweakR-Fc. As 
a control for TweakR-Fc, some cells were treated with 5 rjig/ml IgG- 
Fc. The residual wound area was measured as a function of time 
(0-12 hr) using microscope and image analysis software (Bioquant, 
Nashville, Tennessee). The relative migration rate was calculated 
for each agent and combination of agents by linear regression of 
residual wound area plotted over time. 

Corneal Pocket Assay 

Hydron pellets (Kenyon et al., 1996) incorporated sucralfate with 
FGF-2 (90 ng/pellet), FGF-2 and IgG-Fc (14 iug/pellet, control), or 
FGF-2 and TweakR-Fc (14 ug). The pellets were surgically implanted 
into corneal stromal micropockets created by microdissection 1 mm 
medial to the lateral corneal limbus of 6- to 8- week -old male C57BL6 
mice. At the peak of neovascular response to FGF-2 (5 d), the cor- 
neas were photographed, using a Zeiss slit lamp, at an incipient 
angle of 35-50* from the polar axis in the meridian containing the 
pellet. Images were digitized and processed by sub tractive color 
filters (Adobe Photoshop 4.0} to delineate established microvessels 
by hemoglobin content. Image analysis software (Bioquant) was 
used to calculate the fraction of the corneal image that was vascu- 
larized, the vessel density within the vascularized area, and the 
vessel density within the total comea as described (Daniel et al., 
1 999). Statistical analysis (non-paired T test) was performed using 
Graph Pad Prism software 3.0 (Graph Pad Software, Inc., San Diego, 
California). 
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